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T Foreword 


In the field of psychology we believe that the student 
ought to get the “feel” of experimentation by reading 
original source materials. In this way he can acquire a 
better understanding of the discipline by seeing scientific 
ideas grow and change. However, one of the main prob- 
lems in teaching is the limited availability of these 
sources, which communicate most effectively the person- 
ality of the author and the excitement of ongoing research. 

For these reasons we have decided to edit several 
books,* each devoted to a particular problem in psychol- 
ogy. In every case we attempt to select problems that 
un. have been and are controversial—that have been and 

still are alive. We intend to present these problems as 
a set of selected original articles which are arranged in 
historical order and in order of progress in the field. We 
_ believe that it is important for the student to see that 
_ theories and researches build on what has gone before; 
that one study leads to another, that theory leads to re- 
y search and then to revision of theory. We believe that 
telling the student this does not make the same kind of 
_ impression as letting him see it happen in actuality. This 
is the rationale behind this series of problems books. Edi- 
~ tor’s remarks are kept to the absolute minimum. The idea 
is for the student to read and build ideas for himself. (It 
should also be pointed out that articles deemed too tech- 
nical are not included.) mS cs 


SUGGESTIONS FOR USE 


These readings books can be used by the student in 
either of two ways. They are organized so that, with the 
help of the instructor (or of the students if used in 
seminars), a topic can be covered at length and.in depth. 
This would necessitate lectures or discussions on articles 
not covered in the series to fill in the gaps. On the other ~ 
hand, each book taken alone will give a student a good 


(Pub. note: to be a sub-series within the Insight Book Series) 
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idea of the problem being covered and its historical back- 
ground as well as its present state and the direction it 
seems to be taking. At the risk of being repetitious, we 
would like to say again that we believe it is important for 
the student to see how theories and researches lead to 
other researches and revision of theories. It is also im 
portant for the student to become familiar with signi 
cant researches at first hand. It is to these ideas that th 
en on enduring problems in psychology is dedi- 
cated. 


Amherst, Mass. R.C.B. 


B 
Lewisburg, Pa. ROT 
January, 1961 
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Introduction 


This volume deals with the way man perceives color. 
We feel that the selection of articles is such that it can 
be read with profit by anyone with an interest in color 
and how man perceives it. In order to make this possible, 
My many articles, especially by physicists, were not included 

even though they had something to offer to the study of 

color vision. These would have been too complex for the 
layman or for the average student in experimental percep- 
tion courses. This volume does not profess to be a hand- 
book for the professional in this field; we believe it does 
give the beginner and the moderately advanced student a 
good idea of the field. 
In the first section of this book, we have selected read- 
ings from the classical theorists of color vision. These run 
from Thomas Young to Christine Ladd-Franklin. We 
have then used a selection from Mary Collins which 
evaluates these theories (up to the 1920's). We have 
used color blindness as an evaluation of theories since all 
of the theorists try to handle this subject in one way or 
_ another—which is not true of all of the devices we might 
have used. 
The second section is devoted to the various ways that 
theorists have tried to explain color perception from the 
1920's to the present. We have placed them in chrono- 
logical order since the methods of handling the data are 
so different that no other way was feasible. We have 
ended with an overview of the field that is out of place 
chronologically since we could find no more recent sum- 
mary that would be as comprehensible to the unsophis- 
ticated reader. We believe that this article does an excel- 
lent job of laying out the problems, and that the fact 
that it does not cover some of the latest articles (Edwin 
Land, for example, in this volume) does not constitute 
too much of a handicap. 

Where we have thought it necessary in order to facili- 
_ tate understanding, we have inserted editorial notes at 
= the beginning of some articles. Some of the works are 
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excerpted, which means that the reader may feel that he 
is moving into the middle of an argument. We have tried 
to minimize this feeling as much as possible but, when 
trying to cover a field within a given number of pages, 
this turns out to be necessary. 

As usual, we make no claim to have made ideal selec- 
tion of articles to place the field of color vision before vo 
you. However, within the limits of the population for 
whom this volume is intended, we have done the best 
job that we knew how to do. 


On the Theory of Light and Color 


Tuomas YOUNG 


In these two excerpts from his lectures, we find Thomas 
Young building a theory of color vision that has existed 
to the present day. We have not included the work of 
Sir Isaac Newton, although Young obyiously builds upon 
him, because Young has included copious quotations of 
the most relevant portions of Newton’s writings. 

Here, then, is what we consider to be the beginning 
‘of modern color theory. In the first excerpt Young makes 
the oft-quoted point that three color receptors are prob- 
ably enough to account for color vision. The second ex- 
cerpt contains the Young theory of color vision. 


HYPOTHESIS III. 


The Sensation of different Colours depends on 
the different frequency of Vibrations, excited 
by Light in the Retina. 


Passages from NEWTON. 


“The objector’s hypothesis, as to the fundamental part of it, 
is not against me. That fundamental supposition is, that the 
arts of bodies, when briskly agitated, do excite vibrations in 
the ether, which are propagated every way from those bodies 
in straight lines, and cause a sensation of light by beating and 
dashing against the bottom of the eye, something after the 
manner that vibrations in the air cause a sensation of sound by 
beating against the organs of hearing. Now, the most free and 
natural application of this hypothesis to the solution of phe- 


This selection is taken from Thomas Young, “On the Theory 
of Light and Colours,” from Lectures in Natural Philosophy, 
London: Printed for Joseph Johnson, St. Paul’s Churchyard, 


by William Savage, 1907, pp. 613-632. 
3 


E E EN A it ah tial el 


4 ON THE THEORY OF Licur AND COLOR 


nomena, I take to be this: that the agitated parts of bodies, 
according to their several sizes, figures, and motions, do excite 
vibrations in the ether of various depths or bignesses, which, 
being promiscuously propagated through that medium to our 
eyes, effect in us a sensation of light of a white colour; but if 
by any means those of unequal bignesses be separated from 
one another, the largest beget a sensation of a red colour, the 
least or shortest of a deep violet, and the intermediate ones of 
intermediate colours; much after the manner that bodies, ac- 
cording to their several sizes, shapes, and motions, excite vibra- 
tions in the air of various bignesses, which, according to those 
bignesses, make several tones in sound: that the largest vibra- 
tions are best able to overcome the resistance of a refracting 
superficies, and so break through it with least refraction; whence 
the vibrations of several bignesses, that is, the rays of several 
colours, which are blended together in light, must be parted 
from one another by refraction, and so cause the phenomena 
of prisms, and other refracting substances; and that it depends 
on the thickness of a thin transparent plate or bubble, whether 
a vibration shall be reflected at its further superficies, or trans- 
mitted; so that, according to the number of vibrations, inter- 
ceding the two superficies, they may be reflected or transmitted — 
for many successive thicknesses. And, since the vibrations which 
make blue and violet, are supposed shorter than those which — 
make red and yellow, they must be reflected at a less thickness 
of the plate: which is sufficient to explicate all the ordinary — 
phenomena of those plates or bubbles, and also of all natural 
bodies, whose parts are like so many fragments of such plates. 
These seem to be the most plain, genuine, and necessary con: 
ditions of this hypothesis. And they agree so justly with m 
theory, that if the animadversor think fit to apply them, 
need not, on that account, apprehend a divorce from it. But 
yet, how he will defend it from other difficulties, I know not.” 
eq) Trans. Vol. VII, p. 5088. Abr. Vol. I, p. 145. Nov. 
1672. ° 

“To explain colours, I suppose, that as bodies of various 
sizes, densities, or sensations, do by percussion or other action 
excite sounds of various tones, and consequently vibrations in 
_ the air of different bigness; so the rays of light, by impinging 
on the stiff refracting superficies, excite vibrations in the ether, _ 
—of various bigness; the biggest, strongest, or most potent — 
rays, the largest vibrations; and others shorter, according to 
_ their bigness, strength, or power: and therefore the ends of the 


Tuomas Young 5 


tions (like those of sound in a trunk or trumpet) will run along 
the aqueous pores or crystalline pith of the capillamenta, 
through the optic nerves, into the sensorium;—and there, I 
suppose, affect the sense with various colours, according to 
their bigness and mixture; the biggest with the strongest colours, 
reds and yellows; the least with the weakest, blues and violets; 
the middle with green; and a confusion of all with white, much 
"after the manner that, in the sense of hearing, nature makes 
use of aerial vibrations of several bignesses, to generate sounds 
of divers tones; for the analogy of nature is to be observed.” 
(Bırcn Vol. III, p. 262. Dec. 1675.) 

“Considering the lastingness of the motions excited in the 
bottom of the eye by light, are they not of a vibrating nature? 
—Do not the most refrangible rays excite the shortest vibra- 
tions,—the least refrangible the largest? May not the harmony 
and discord of colours arise from the proportions of the vibra- 
tions propagated through the fibres of the optic nerve into the 
brain, as the harmony and discord of sounds arise from the 

oun of the vibrations of the air?” (Optics, Qu. 16, 
Blt 


TON, it is probable that the motion of the retina is rather 
of a vibratory than of an undulatory nature, the frequency 
of the vibrations must be dependent on the constitution 
of this substance. Now, as it is almost impossible to con- 
ceive each sensitiye point of the retina to contain an 


perfect unison with every possible undulation, it becomes 
necessary to suppose the number limited, for instance, 
to the three principal colours, red, yellow, and blue, of 
which the undulations are related in magnitude nearly 


is capable of being put in motion less or more forcibly, 
by undulations differing less or more from a perfect 
unison; for instance, the undulations of green light being — 


nearly in the ratio of 6¥2, will affect equally the particles | 


effect as a light composed of those two species: and each i 
sensitive filament of the nerve may consist of three por- 
tions, one for each principal colour. Allowing this state- 
ment, it appears that any attempt to produce a musical 
effect from colours, must be uns) ccessful, or at least that 


othing more than a ver i 


simple melody could be imita- 


as the numbers 8, 7, and 6; and that each of the particles is 


eS 


Scholium. Since, for the reason here assigned by New- ~ 


- infinite number of particles, each capable of vibrating in — 


s 


in unison with yellow and blue, and produce the same 5. 
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ted by them; for the period, which in fact constitutes 
the harmony of any concord, being a multiple of the 
periods of the single undulations, would in this case be 
wholly without the limits of sympathy of the retina, and 
would lose its effect; in the same manner as the harmony 
of a third or a fourth is destroyed, by depressing it to 
the lowest notes of the audible scale. In hearing, there 
seems to be no permanent vibration of any part of the 
organ. 


On Physical Optics 


h Tuomas YOUNG 


a 


Sir Isaac Newton observed that the effect of white 
light on the sense of sight might be imitated by a mix- 
ture of colours taken from different parts of the spectrum, 
notwithstanding the omission of some of the rays natu- 
tally belonging to white light. Thus, if we intercept one 
half of each of the four principal portions into which the 
spectrum is divided, the remaining halves will still pre- 
serve, when mixed together, the appearance of whiteness; 
i so that it is probable, that the different parts of those 
k; portions of the spectrum, which appear of one colour, 
X have precisely the same effect on the eye. It is certain 

i that the perfect sensations of yellow and of blue are pro- 
Ny duced respectively, by mixtures of red and green and of 
green and violet light, and there is reason to suspect that 
those sensations are always compounded of the separate 
sensations combined; at least, this supposition simplifies 
the theory of colours: it may, therefore, be adopted with 
advantage, until it be found inconsistent with any of the 
phenomena; and we may consider white light as com- 
posed of a mixture of red, green, and violet only, in the 
Y proportion of about two parts red, four green, and one 
pi violet, with respect to the quantity or intensity of the 
? sensations produced.* 


< 


i This selection is taken from Thomas Young, “On Physical 
g Optics,” from A Course of Lectures on Natural Philosophy 
N and the Mechanical Arts, Vol. I, London: printed for Taylor 
and Welton, Upper Gower Street, 1845, pp. 344-345. 

*So Wunsch, Versuche über die Farben, Leipz, 1792. 
Mayer, in an essay De Affinitate Colorum, pub. 1722, refers 
all colours to red, yellow, and blue: and this is the more com- 
mon hypothesis. See Guyot, Recreations, Par. 1769. Goethe, 
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If we mix together, in proper proportions, any sub- 
stances exhibiting these colours in their greatest purity, 
and place the mixture in a light sufficiently strong, we 
obtain the appearance of perfect whiteness; but in a 
fainter light the mixture is grey, or of that hue which 
arises from a combination of white and black; black 
bodies being such as reflect white light but in a very 
scanty proportion. For the same reason, green and red 
substances mixed together usually make rather a brown 
than a yellow colour, and many yellow colours, when laid 
on very thickly, or mixed with black, become brown. The 
sensations of various kinds of light may also be combined 
in a still more satisfactory manner, by painting the sur- 
face of a circle with different colours, in any way that 
_ may be desired, and causing it to revolve with such 
rapidity, that the whole may assume the appearance of 
a single tint, or of a combination of tints, resulting from 

the mixture of the colours. Ki 
| From three simple sensations, with their combinations, } 
= we obtain seven primitive distinctions of colours; but the 
_ different proportions in which they may be combined, 
? afford a variety of tints beyond all calculation. The three 
_ simple sensations being red, green, and violet, the three 
= binary combinations are yellow, consisting of red and 
~ green; crimson, of red and violet; and blue, of green and 
violet; and the seventh in order is white light, composed — 
by all the three united. But the blue thus produced, by 
combining the whole of the green and violet rays, is not 
the blue of the spectrum, for four parts of green and one 
= of violet make a blue, differing very little from green; 
_ while the blue of the spectrum appears to contain as 

much violet as green; and it is for this reason that red 
and blue usually make a purple, deriving its hue from 
_ the predominance of the violet. 
It would be possible to exhibit at once to the eye the 
_ combinations of any three colours in all imaginable va- 
_ tieties. Two of them might be laid down on a revolving 
surface, in the form of triangles, placed in opposite direc- 


hre, 1810. Brewster, Tr. Roy. Soc. Ed. xii. 123. Nollett 


de Physique, v. 388, considers the three s to | 
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tions, and the third on projections perpendicular to the £ 
surface, which, while the eye remained at rest in any one 
point, obliquely situated, would exhibit more or less of _ 
their painted sides, as they passed through their different 
angular positions; and the only further alteration, that 
could be produced in any of the tints, would be derived 

from the different degrees of light only. The same effect 

may also be exhibited by mixing the colours in different 

proportions, by means of the pencil, beginning from 
three equidistant points as the centres of the respective 
= colours. 


2 & 


The Sensations of Vision 
HERMANN VON HELMHOLTZ 


Every difference of impression made by light, as we 
have seen, may be regarded as a function of three inde- 
pendent variables; and the three variables which have 
been chosen thus far were (1) the luminosity, (2) the ~ 
hue, and (3) the saturation, or (1) the quantity of whit 
(2) the quantity of some colour of the spectrum, andi 
(3) the wave-length of this colour. However, instead of 
these variables, three others may also be employed; and 
in fact this is what it amounts to, when all colours are 
regarded as being mixtures of variable amounts of three 
so-called fundamental colours, which are generally taken 
to be red, yellow and blue. To conceive this theory ob- 
jectively, and to assert that there are simple colours in the 
spectrum which can be combined to produce a visual 
impression that will be the same as that produced by any 
other simple or compound light, would not be correct. 
There are no such three simple colours that can be com- 
bined to match the other colours of the spectrum 
even fairly well, because the colours of the spectrum 
invariably appear to be more saturated than the com- 
posite colours. Least suited for this purpose are red, 
yellow and blue; for if we take for blue a colour like 
the hue of the sky, and not a more greenish blue, it will 
be impossible to get green at all by mixing these colours. 
By taking a greenish yellow and a greenish blue, the best 
we can get is a very pale green. These three colours would 
not have been selected, had it not been that most per- 


aes selection is taken from H. von Helmoltz, Physiological 
eee 3rd edition, Vol. II (Translated by XXX Southall); 
~Pheal Society of America, pp. 141-154. 
we 10 ee 
vu! PT 4 Pi 


HERMANN von HELMHOLTZ 11 


sons, relying on the mixture of pigments, made the mis- 
take of thinking that a mixture of yellow and blue light 
gives green. It would be rather better to take violet, green 
and red for fundamental colours. Blue can be obtained 
by mixing violet and green, but it is not the saturated 
blue of the spectrum; and a dead yellow can be made 
with green and red, which is not at all like the brilliant 
yellow in the spectrum. 

If we think of the colours as plotted on a colour-chart 
by the method sketched above, it is evident from the 
rules given for the construction that all colours that are 
to be made by mixing three colours must be contained 
within the triangle whose vertices are the places in the 


y, R 


Fig. 20. 


chart where the three fundamental colours are. Thus, in 
the adjoining colour circle (Fig. 20), where the positions 
of the colours are indicated by the initial letters of their 
names (I = indigo-blue, C = cyan-blue, Y = yellow, G = 
green, etc.), all the colours that can be made by mixing 
red, cyan-blue and yellow are comprised within the tri- 
angle RCY. Thus, as we see, two large pieces of the circle 
are missing, and all that could be obtained would be 
very pale violet and a very pale green. But if, instead o 

cyan-blue, the colour of the blue sky, indigo-blue, y 
taken, green would be missing entirely. The triangle 
VRG comprises the colours obtained by mixing violet, 
red and green, and a larger number of the existing colours 
would indeed be represented. But, as the diagram shows, 


_ Institution (see Scientific Papers of James Crerk MAXWELL, — 
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large portions of the circle are still missing, as must 
always be the case according to the results of experiments 
on the mixture of the colours of the spectrum. The con- 
clusion is that the boundary of the colour chart must be 
a curved line which differs considerably from the per- 
imeter of the triangle. 

BREWSTER, endeavoring to defend the objective nature 
of three fundamental colours, maintained that for every 
wave-length there were three different kinds of light, red, 
yellow and blue, mixed merely in different proportions 
so as to give the different colours of the spectrum. Thus, 
the colours of the spectrum were considered as being 
compound colours consisting of three kinds of light of 
different quality; although the degree of refrangibility of 
the rays was the same for each individual simple colour. 
BREWSTER’s idea was that light of all three fundamental — 
colours could be proved to exist in the different simple 
colours by the absorption of light by coloured media. His’ 
entire theory is based on this conception, which was 
shown in the preceding chapter to be erroneous. ¥ 

Apart from Brewsrer’s hypothesis, the notion of 
three fundamental colours as having any objective sig- 
nificance has no meaning anyhow. For as long as it is 
simply a question of physical relations, and the human 
eye is left out of the game, the properties of the com- 

ound light are dependent only on the relative amounts 
of light of all the separate wave-lengths it contains. 
When we speak of reducing the colours to three funda- _ 
mental colours, this must be understood in a subjective 
sense and as being an attempt to trace the colour sensa- 
tions to three fundamental sensations. This was the way 
that Younc regarded the problem;! and, in fact, his 


*MaxweE t in his lecture “On colour vision” at the Royal 


II, pp. 266-279), speaking of Younc’s theory, says: h 
“We may state it thus:—We are capable of feeling three 
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theory affords an exceedingly simple and clear explana- 
tion of all the phenomena of the physiological colour 
theory. He supposes that: 

1. The eye is provided with three distinct sets of 
nervous fibres. Stimulation of the first excites the sensa- 
tion of red, stimulation of the second the sensation of 
green, and stimulation of the third the sensation of 
violet. 

2. Objective homogeneous light excites these kinds of 
fibres in various degrees, depending on its wave-length. 
The red-sensitive fibres are stimulated most by light of 
longest wave-length, and the violet-sensitive fibres by 
light of shortest wave-length. But this does not mean 
_ that each colour of the spectrum does not stimulate all 


Fig. 21. 


three kinds of fibres, some feebly and others strongly; on — 

the contrary, in order to explain a series of phenomena, it 
is necessary to assume that that is exactly what does hap- 
pen. Suppose that the colours of the spectrum are plotted 
horizontally in Fig. 21 in their natural sequence, from 


"sensation; and yet Youxc, by honestly recognizing this elemen- 
tary Truth established the first consistent theory of colour. So 
Be far as I know, THomas Young was the first who, starting from 
the well-known fact that there are three primary colours, sought "a 
- for the explanation of this fact, not in the nature of light, but a 
the constitution of man. Even of those who have wana 
“colour since the time of Young, some have supposed hee K ig 
ought to study the properties of pigments, and others ne : y 
= ought to analyze the rays o) ht. They have Seren for a 
kr :dge of colour by examining | g in external nature 
ag out of | ‚jemselye 
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red to violet, the three curves may be taken to indicate 
something like the degree of excitation of the three kinds 
of fibres, No. 1 for the red-sensitive fibres, No. 2 for the 
green-sensitive fibres, and No. 3 for the violet-sensitive 
fibres. 

Pure red light stimulates the red-sensitive fibres strongly 
and the two other kinds of fibres feebly; giving the sen- 
sation red. 

Pure yellow light stimulates the red-sensitive and green- 
sensitive fibres moderately and the violet-sensitive fibres 
feebly; giving the sensation yellow. 

Pure green light stimulates the green-sensitive fibres 
strongly, and the two other kinds much more feebly; giy- 
ing the sensation green. 

Pure blue light stimulates the green-sensitive and vio- 
let-sensitive fibres moderately, and the red-sensitive fibres 
feebly; giving the sensation blue. 

Pure violet light stimulates the violet-sensitive fibres 
strongly, and the other fibres feebly; giving the sensation 
violet. 

When all the fibres are stimulated about equally, the 
sensation is that of white or pale hues. 

It might be natural to suppose that on this hypothesis 
the number of nervous fibres and nerve-endings would 
have to be trebled, as compared with the number ordi- 
narily assumed when each single fibre is made to con- 
duct all possible colour stimulations. However, in the 
writer’s opinion there is nothing in Younc’s hypothesis 
that is opposed to the anatomical facts in this respect; 
because we are entirely ignorant as to the number of con- 
ducting fibres, and there are also quantities of other 
microscopical elements (cells, nuclei, rods) to which 
hitherto no specific functions could be ascribed. But this 
is not the essential thing in Younc’s hypothesis. That 
appears to the writer to consist rather in the idea of the 
colour sensations being composed of three processes in 
the nervous substance that are perfectly independent of 
one another. This independence is manifested not merely 
in the phenomena which are being considered at present 
but also in those of fatigue of the nervous mechanism 
i of vision. It would not be absolutely necessary to assume 
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different nervous fibres for these different sensations. So 
far as mere explanation is concerned, the same advantages 
that are afforded by Younc’s hypothesis could be gained 
by supposing that within each individual fibre there 
might occur three activities all different from and inde- 
pendent of one another. But the form of this hypothesis 
as originally proposed by Younc is clearer in both con- 
ception and expression than it would be if it were modi- 
fied as suggested, and hence it will be retained in its 
original concrete form, for the sake of exposition if for 
nothing else. Nowhere in the physical (electrical) phe- 
nomena of nervous stimulation either in the sensory or 
motor nerves can there be detected any such differenti- 
ation of activity as must exist if each fibre of the optic 
nerve has to transmit all the colour sensations. By 
Younc’s hypothesis it is possible even in this connection 
to transfer directly to the optic nerve the simple concep- 
tions as to the mechanism of the stimulation and its 
conduction which we were led to form at first by studying 
the phenomena in the motor nerves. This would not be 
the case on the assumption that each fibre of the optic 
nerve has to sustain three different kinds of states of 
stimulation which do not mutually interfere with one 
another. Younc’s hypothesis is only a more special appli- 
cation of the law of specific sense energies. Just as tactile 
sensation and visual sensation in the eye are demon- 
strably affairs of different nervous fibres, the same thing 
is assumed here too with respect to the various sensations 
of the fundamental colours. 

The choice of the three fundamental colours is some- 
what arbitrary. Any three colours which can be mixed to 
get white might be chosen. Younc may have been guided 
by the consideration that the terminal colours of the 
spectrum seem to have special claims by virtue of their 
positions. If they were not chosen, one of the funda- 
mental colours would have to have a purplish hue, and 
the curve corresponding to it in Fig. 21 would have two 
maxima, one in the red and one in the violet. This would 
be a more complicated assumption, but not an impossible 
one. So far as the writer can see, the only other way of 
determining one of the fundamental colours would be 
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by investigating the colourblind. To what extent such 
investigation confirms Youne’s hypothesis for red at least, 
will be shown later. 

That each of the three chosen fundamental colours of 
the spectrum stimulates not only the nervous fibres that 
are designated by the same name as the colour in ques- 
tion but the other fibres also in a less degree, has been 
already proved by the results of colour mixture, certainly 
in the case of green. For if we think of all the colour 
sensations that are composed of the three fundamental 


A 


Fig. 22. 


colours as being plotted on a plane chart according to 

Newron’s system, it follows from what has been stated _ 

above that the colour area must be enclosed in a triangle. 
= This triangle must include within it the colour area. 
shown in Fig. 22 which comprises all colours that are 
miscible from the colours of the spectrum. It would be 
possible to do this by shifting the sensation of pure green. 
towards A, as in done in Fig. 22, on the assumption that | 
spectrum red and violet, R and V, are pure fundamental _ 
lours. In this case the colour triangle that contains 
à it all possible colour sensation would be AVR. _ 
imption, as stated, would satisfy the actual 
rms). | a Tun 
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of colour mixture. On the other hand, however, certain 
other facts to be mentioned presently, in connection with 
colour blindness and the change of hue due to increase 
of intensity of the light and the phenomena of after 
images, render it necessary to assume that neither spec- 
d trum red nor violet corresponds to a simple sensation of 
one fundamental colour, but to a slightly mixed sensa- 
tion. Accordingly, the positions of spectrum red and 
violet in the colour triangle Fig. 22 would have to be 


displaced about to R. and V. and the closed curve 
ICYR.V. would then embrace all possible colours of ob- 
jective light. 

Thence it follows that there must be a series of colour 
sensations still more saturated than those which are 
evoked under ordinary circumstances by objective light, 
even by that of the spectrum. In Fig. 22 the colours — 
aroused in the normal eye by external light are comprised 
within the area bounded by the curve and the straight 
line V.R.. The rest of the triangle corresponds to colour 
sensations that cannot be excited directly by external 
light. Since these latter sensations are all farther separated 
from white than the colours of the spectrum, they must 
En’ be even more saturated than those colours themselves, — 
which are the most saturated objective colours of which 
we have any knowledge. And, as a matter of fact, when 
we come to the theory of after-images, produced by fa- 
tiguing the eye by the complementary colours, we shall — 
see how to produce colour sensations beside which the — 
colours of the spectrum look pale. ; 

The fact above mentioned, that the different colours — 
of the spectrum do not appear to be all saturated to the 
same degree, is easily explained by this theory. : 


The eyes of some individuals are not able to distinguish — 
as many colours as those of ordinary persons. The visual 
perceptions in cases of colour blindness (achromatopia, 
achrupsia) are of particular interest for the theory of — 
‘colour sensations. A. SEEBECK has demonstrated that 
there are two classes of colour-blind people. Individuals 
_ belonging to each group confuse the same set of colours, 
Sy d differ from each other merely in the degree of their — 


— ay 
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difficulty. On the other hand, individuals in one class 
recognize most of the mistakes made by those of the 
other class. 

The most numerous cases, especially in England, ap- 
pear to belong to SEEBEcK’s second division. Their trouble 
is often called Daltonism (or anerythropsia, by GoETHE), 
after the celebrated chemist J. Darton, who himself be- 
longed to this group and was the first to investigate this 
condition carefully.1 As some English scientists have pro- 
tested against this mode of perpetuating the name of 
their renowned countryman by one of his defects, let us 
call this condition red blindness.2 Individuals in whom 
it is completely developed see only two colours in the 
spectrum, which they usually describe as blue and yellow. 
They include in the latter all of the red, orange, yellow 
and green. They call the green-blue hues grey, and the 
remainder blue. They do not see the extreme red at all 
when it is faint, but they may do so when it is intense. 
Thus, they usually put the red end of the spectrum at a 
place where normal eyes still see distinctly a faint red. In 
pigments they confuse red (that is, vermilion and reddish 
orange) with brown and green; whereas to the normal 
eye in general the confused red hues are much brighter 
than the brown and green. They cannot distinguish be- 
tween golden yellow and yellow or between pink-red and 
blue. On the other hand, all mixtures of different colours 
that appear alike to the normal eye dppear alike also to 
the red-blind. With regard to Darron’s case, Sir J. HER- 
SCHEL' has already advanced the opinion, that all colours 
discriminated by him might be considered as being com- 


1 According to more modern determinations, SEEBECK’S sec- 
ond form of colour blindness, called “green blindness” by 
HELMHOLTZ, is more frequent, and the only reason why it 
is more often unnoticed than “red blindness” is because its 
symptoms are rather less striking. As to new suggestions for 
designating the forms of colour blindness, see the section on 
_ this subject in the appendices at the end of this volume—N. 
b *Red-blind individuals, as HELMHOLTZ calls them, are 
N Ca protanopes by v. Kries, and green-blind deuteranopes. 
y AR C. Si 

"Ina a quoted in G. Wırson, On colour Blindness. 
_ Edinburgh 1855. p. 60. 
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posed of two fundamental colours instead of three.* This 
View has been recently confirmed by MAxwELL by his 
method of measuring colours with the mixtures on the 
colour top. In the case of a healthy eye, as has been 
shown, a colour match may be formed between any given 
colour and three suitably chosen fundamental colours, 
plus white and black. In case of red-blind persons, as the 
writer himself has verified, only two colours are needed 
besides white and black (for instance, yellow and blue) 
to make a colour match on the colour top with any other 
colour. 

In the author’s experiments with Mr. M., who was a 
student in the polytechnic institute, accustomed to physi- 
cal investigations and fairly sensitive to such differences 
of colour as he could still recognize at all, chrome yellow 
and ultramarine were used as principal colours. A mixture 
on the colour top of 35° of yellow and 325° of black, 
which was olive-green to an average person, seemed to 
him identical with a red about like that of sealing wax. 
The experiments indicated that a mixture of 327° of 
yellow and 33° of blue, which looks grey-yellow to the 
normal eye, was to him the same as green of hue about 
corresponding to the line E in the spectrum. And 165° 
of yellow mixed with 195° of blue, which ordinarily gives 
a faint reddish grey, was the same to him as grey. As all 
other hues could be mixed from red, yellow, green, and 
blue, the result was that, so far as Mr. M. was concerned, 
they could all be obtained by mixing yellow and blue. 

From GrassMann’s laws of colour mixture, as applied 
to an eye that confuses red with green, it follows directly 
that the hues which it does differentiate can all be ob- 
tained by mixing two other colours, say, yellow and blue. 
For if red and green appear to be the same, necessarily 
all mixtures of these two colours will appear to be the 
same. Moreover, since colours that look alike produce a 
mixture that looks like them, every mixture of a given 
amount of yellow with a given amount of any one of the 


t These types of colour blindness have colour systems that 
are functions of two variables, whereas normal colour vision, as 
has been stated, is a function of three variables. Thus normal 
individuals are said to be trichomats as distinguished from these 


abnormal dichromats. (J. P. C. S.) 
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colours made by mixing red and green, which has the 
same appearance to a colour-blind person, will give a 
resultant colour that looks the same to him. But for the 
healthy eye one of the colours obtained by mixing red 
and green can be made also by mixing yellow and blue; 
and hence for the colour-blind eye this colour can be sub- 
stituted for all combinations of red and green. Conse- 
quently, all mixtures of yellow, red and green may be 
produced also by mixing yellow and blue, so far as the 
colour-blind eye is concerned; and the same thing may 
be proved likewise for all mixtures of blue, red and green. 
And, lastly, since all hues for the healthy eye can be 
obtained by mixing red, yellow, green and blue, all hues 
for the colour-blind eye can be obtained by mixing yellow 
and blue. 

If the colours are plotted on a plane chart by the 
method of constructing the centres of gravity, all such 
colours as appear to a colour-blind person to be the same 
at suitable luminosity will be ranged along a straight line, 
since a mixture of two colours must be on the straight 
line joining these two points, and the mixture must ap- 
pear to have the same hue as its components, if the latter 
look alike. Moreover, it may be proved that all these 
straight lines intersect in one point (which may be at 
infinity, in which case they will all be parallel), and that 
the colour corresponding to this point must be invisible 
to the colour-blind eye. 


— 
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To the ealachd peson GEB Fe ee 
at R in Fig. 23 appears the same as the quantity g of the _ 
colour at G. Now E 


r=ar+(1—n)r. 


The quantity ng of the colour G looks just like the quan- 
tity nr of the colour R. Thus, supposing that n is a proper 
fraction, the quantity 7 of the colour R appears the same 
as the mixture of the quantity (1 — n)r of the colour R 
with the quantity ng of the colour G. In the colour chart 
this mixed colour will be at the point S in the line RG 
‚such that 


RS:SG=n:(l-mr.... (1) 
and the quantity of this mixed colour will be 
s= ng + (1 — n)r. 


"So far as the colour-blind eye is concerned, the appear- 
M of this colour will not depend on the value of n. 

Suppose now that the quantity b of the colour B is 
mixed with the quantity s of the colour S; the result will 
be a mixed colour whose appearance to the colour-blind — 
-eye is independent of the variable magnitude n. Let T be 
the place of this mixed colour in the chart and t its quan- — 
tity; then i 


t=b4+s=b+ng+(1-—n)r 
TS: BT = b: s = b: [ng + (1 — n)r]. . . (la) 


From B let fall the perpendicular BH on RG and from T N 
the perpendicular TL on BH; and put 


IH=x BH=h 
TL=y HG=a 
RG=c 


b 


y 


r 
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Since from equation (1) 
= ;. _A=nr 
ak ng+(l— nr 


therefore 


y (c — a)(1 — n)r — an 
= a = yr = ang 
h— x hing + (1 — n)r] E C 
Eliminating the variable n from (lb) and (lc), we obtain 
an equation connecting the rectangular coördinates of 
the point T, as follows: 


0 = ybh(g — r) — x[crg + br(c — a) + abg] 
+ bh[(c — aş + ag]... (id) 


As this is a linear equation between x and y, the locus of 
the point T is a straight line, and all the mixed colours 
that lie on this line appear to be the same to the colour. 
blind eye. Suppose TO is this straight line meeting the 
straight line RG in the point designated by QO; then the 
value of y for x=0 will be QH = yy as given by the 


equation 

a Sa... (le) 
This value of yọ is independent of the amount b of the 
colour that is to be mixed with S; and every straight line 
that is the locus of points corresponding to colours that 
all look alike, obtained by mixing the colours R, G and 
B, will pass through this point Q; and in case r = g, that 
is, when yo becomes infinite, the point O will be the in- 
finitely distant point of the straight line RG, and the 
system of lines TO will be a pencil of parallel lines, 

The distance of Ọ from the point R is 


[2 
RL hor. ETEEN) 
When an amount q of the colour Q is mixed with the 
amount g of the colour G so as to make the colour R 
_ then we must have i 
OR _g 
RG gq 
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and therefore by equation (lf), since RG =c: 

= ee 

4, g 
q=r—-8. | 
The amount of the mixed colour R in this case is: | 
F 
1 


r=g+4. 


But by hypothesis r looks the same to the colour-blind 
eye as g; and since, in general, the amount q =r —g is 
different from zero, the conclusion is that the colour- ` 
blind eye cannot be sensitive to the colour Q at all. i 
The point of intersection of the straight lines that are i 
the loci of points corresponding to colour-mixtures that t 
look alike falls, therefore, at the place of the colour which 3 
is missing in the colour sensations of the colour-blind 
eye. 
On Younc’s hypothesis this colour that is not visible — 
to the colour-blind person is necessarily one of the funda- 
mental colours; for if there were sensation for all the 
t fundamental colours, no other coloùr sensation composed ) 
| simply of these fundamental ones could be lacking. Now 
when we try to discover those colours that look like white ; 
(or grey), they will be found to be those which for the 
normal eye are colours of the hue of the missing funda- ? 
mental colour or of its complementary colour, mixed T 
with white in different proportions. For all these colours 
that look like white must lie on a straight line. But every 
straight line drawn through the point on the chart that 
j corresponds to white contains on its two opposite sides 
colours of the same hue in different degrees of saturation. 
But the colours on one half of the line are complementary 
to those on the other half. Every line of this sort con- 
taining colours that all look alike must, however, as just 
proved, pass through the point where the missing funda- 
mental colour is, and, consequently, must contain on : 
one of its two halves colours of the same hue as the 
fundamental colour. In the experiments which the writer 
conducted with Mr. M. it was found that the same ap- 
| pearance as pure grey was produced by a ted which cor- 
responded very nearly to the extreme red of the spectrum 
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in hue (38° of ultramarine and 322° of vermilion), per- 
haps leaning a little to the purple side, and by a cor- 
responding complementary blue-green (59° ultramarine 
and 301° emerald-green). MaxweLr has obtained similar 
results, namely, 6 percent ultramarine and 94 percent 
vermilion for the red, and 40 percent ultramarine and 60 
percent emerald-green for the green. And, besides, as for 
normal eyes the red appeared much darker than the grey 
and green, with equal luminosity, there can be no more 
doubt that it is red, and not green, that is the missing 
colour. On Younc’s hypothesis, therefore, red blindness 
would be explained as a paralysis of the red-sensitive 
nerves. 

If a red not far from the extreme red of the spectrum 
is really one of the fundamental colours, the two others 
cannot be very far anyhow from the green and violet as 
chosen by Younc. r 

The result of this would be that people who are red- 
blind are not sensitive except to green and violet and 
blue, which is a mixture of the first two. The red of the 
spectrum which seems to stimulate the green-sensitive 
nerves just a little and the violet-sensitive nerves almost 
not at all, according to this, would have to appear to red- 
blind persons as a saturated green of low luminosity, con- 
taining appreciable amounts of the other colours mixed 
with it, Red of low luminosity which is still adequate to 
excite the red-sensitive nerves of the normal eye is, on the 
contrary, no longer adequate to excite the green-sensitive 
nerves, and therefore this sort of light appears black to 
red-blind individuals. 

The yellow of the spectrum will appear as brilliant 
saturated green, and doubtless it is just because it does 
give the saturated and more luminous shade of this colour 
that the red-blind select the name of this colour and 
describe all these peculiar hues of green as being yellow. 

Green as compared with yellow begins to show an ad- 
mixture of the other fundamental colours, being there- 
fore indeed a more luminous but yet a pale shade of 
green, like that produced by red and yellow. According 
‘to SeeBecK’s observations, the most luminous part ob a 
€ spectrum for red-blind individuals is, not in the yel- — 
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low as for normal vision, but in the green-blue+ Asa 
matter of fact, on the assumption that green stimulates 
the green-sensitive nerves most, as must be the case, the 
maximum of the total stimulation for red-blind persons 
will be rather towards the side of the blue, because here 
the stimulation of the violet-sensitive nerves increases. 
What a red-blind individual means by white is naturally 
a mixture of his two fundamental colours in some definite 
proportion, which looks green-blue to us; and therefore 
he regards the transitional shades in the spectrum from 
green to blue as being grey. 
Farther on in the spectrum the second fundamental 
colour, which a red-blind person calls blue, begins to pre- 
dominate, because although indigo-blue is still rather pale 
to him, yet by its luminosity it appears to his eye to be a 
more striking representative of this colour than violet. 
Such a one can distinguish the difference of appearance 
between blue and violet. The subject H. who was exam- 
ined by SeEBEcK knew where the boundary came, but 
explained that he preferred to call violet dark blue. Inci- 
dentally, the blue hues must look to the red-blind pretty 
much as they do to normal persons, because with the 
latter also there is not much admixture here with red. 
All these colours of the spectrum must appear to the 
red-blind to have certain differences, even if they are less 
marked. Evidently therefore by paying more attention to 


saturated colours by their right names. But for paler 
‘colours the distinctions above mentioned must be too 
much for them, as they cannot get rid of the confusion. 
With respect now to the other group of colour-blind 

persons comprised in SEEBECK’s first division, there are 
“not yet sufficient observations to enable us to define their 


difference between them and the red-blind is that they 
have no difficulty in detecting the transition between 


blue. On the other hand, they are confused between 
‚green, yellow; blue and red. Both classes confound the 


In the yellow-green is more correct.—N. 


them and by practice, they may even learn to call very — 


condition perfectly. ‘According to SEEBECK’S data, the — 


violet and red, which to all red-blind persons appears 
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same hue with green, but individuals of SEEBEcK’S first 
class choose a more yellow-green than red-blind persons 
do. They are not sensitive to the farthest red, and the 
brightest part of the spectrum for them is in the yellow.t 
They also discriminate only two hues in the spectrum, 
which they call, probably quite correctly, blue and red. 
Accordingly, it may be conjectured that their difficulty 
is due to insensitivity of the green-sensitive nerves, but 
further investigations on this point are desirable. 


Besides total insensitivity, of course, also there may 
occur all kinds of degrees of lowered sensitivity of the 
nerves of one sort or the other, with a resultant inability 
of discriminating colours to a greater or less extent. Cases 
have also been reported by Wırson and TyNpALL where 


the trouble was not congenital, but appeared suddenly 


as a result of serious injuries to the head or eyestrain. 

So far as examination of colour-blind persons is con- 
cerned, naturally extremely little information can be 
obtained by asking them how they call this or that colour; 
for these persons are obliged to use the system of names 
to describe their sensations which has been devised for 
the sensations of the normal eye, and which therefore is 
not adapted for their case. It is not only not adapted be- 
cause it contains the names of too many hues, but be- 
cause in the series of colours in the spectrum the differ- 
ences we speak of are differences of hue, but to colour- 
blind persons these are merely differences of saturation or 
of luminosity. Whether what they call yellow and 
blue corresponds to our yellow and blue, is more than 
doubtful. Hence, their replies to questions about colours 
are usually hesitating and perplexed, and seem to us mud- 
dled and contradictory. 

Srepecr’s method of giving colour-blind persons a 
selection of coloured papers or worsteds with instructions 
to arrange them according to their similarity is much 
better, though still far from satisfactory. But the number 
of colour tests would have to be enormous in order to 
include the hues that are characteristic of the difficulty, 
in their precise admixture with white and of the right 


2 A little towards the orange, about at wave-length 600a —N. 
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luminosity, so that it would be possible to formulate the 
complete equation for the colour-blind eye. But as long 
as it is merely a question of similarity, it will be hard to 
tell whether the difference is one of hue, saturation or 
luminosity. It is simply by accident, therefore, that a few 
definite results can be obtained. 

On the other hand, the colour top as designed by 
MaxweELt enables us to obtain quickly the requisite data 
with great accuracy, because it is easy to make a set of 
colours by mixture that to the colour-blind eye appear to 
be absolutely alike. Here the chief thing denoting the 
fundamental character of the trouble is to ascertain what 
two colours are confused with pure grey as obtained on 
the colour top by mixing white and black. One of them, 
which in this case appears comparatively much darker to 
the colour-blind eye than it does to the normal eye, is 
the missing fundamental colour. At the same time it will 
be easy. too to discover whether there is still some trace 
of sensitivity for the missing fundamental colour, or not. 

To test the theories here propounded, it will be neces- 
sary besides to determine whether every given colour, and 
especially the principal colours of the spectrum, can be 
compounded for the colour-blind by mixing two suitably 
selected colours. 

G. Wuson has directed particular attention to the 
danger for navigation and railways that might be caused 
by not being able to detect coloured signals on account 
of colour blindness. He found on the ayerage one colour- 
blind person in every 17.7 individuals. 


Principles of a New Theory 
of the Color Sense 


EwaLp HERING 


We have reached, after an analysis—in my opinion 
completely without prejudices—of the retinal sensations, 
the assumption of six simple or basic sensations of which 
two, namely white and black, have been discussed previ- 
ously. Now is the time to supplement the theory of the 
black-white or colorless retinal sensations, previously de- _ 
veloped, with a theory of the color sensations. I am here- 
with reporting the principles of the latter. s 

The six basic sensations of the optic substance are 
arranged in three pairs: black and white, blue and yellow, 
green and red. 

Each of these three pairs corresponds to an assimila- 
tion and dissimilation process of special quality so that, 
therefore, the optic substance is capable of the chemical 
change or metabolism in three different ways. 

Assuming the correctness of these premises, two possi- 
bilities present themselyes. Either the three kinds of the 
metabolism are mutually dependent or each of them is 
independent from the other. The latter possibility is not _ 
only the simpler one but is in keeping with the facts as 
far as I can see. Therefore, I can consider the optic sub- 

stance also as a mixture of three chemically different sub- 
stances each of which (at least within the limits here 
under consideration) is able to dissimilate and assimilate 
independently of the other two. This interpretation sim- 
_ plifies the representation considerably, and only therefore 


This selection is taken from Ewald Hering, Zur Lehre vom 
chtsinne (Principles of a New Theory of the Color Sense), 
7 4 


enna, 8; translated by Kay Butler. " 
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do I prefer it to the others, which basically are perhaps 
the more correct interpretations, according to which the 
optic substance represents a whole homogeneous sub- 
stance being capable, however, of three different kinds of 
dissimilation and assimilation. 

With this reservation I can distinguish three different 
components of the optic substance which I will designate 
as the black-white perceiving, the blue-yellow perceiving, 
and the red-green perceiving substance. 

As one speaks in a figurative sense of red, yellow, etc. 
rays, one can also distinguish the three substances as the 
black-white, blue-yellow, and red-green, and can oppose 
the first one to the other two as the colorless to the 
colored. 

Concerning the black-white substance, now taking the 
place of the optic substance previously discussed as gen- 
erally the substance in the fifth report, I have assumed 


` that its dissimilation corresponds to the white and its 


assimilation to the black; concerning the blue-yellow and 
the red-green substance I don’t offer any opinion for the 
time being which color is the D-color and which is the 
A-color. The three substances do not compose the optic 
substance in equal parts; on the contrary the black-white 


“substance is contained more plentifully in the organ of 


vision than the other two, and neither are the other two 
equal among each other. 

As in the black-white substance, dissimilation and 
assimilation take place continually at the same time in 
the other two substances. But according to the different 
quantity of the three substances, in general the dissimila- 
tion and assimilation are also much more considerable in 
the black-white substance than in the other two colored 


substances, and therefore the weight of the always simul- 


taneously present six basic sensations differs greatly: rela- 


“tively great of the black and white, very small of the four 


colored basic sensations. 

Therefore, the four color perceptions cross the thresh- 
old only under especially favorable circumstances, other- 
wise they are drowned by the simultaneous black-white 

erception. | 
© All rays of the visible spectrum have a dissimilating 
effect on the black-white substance, but the different rays 
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to a different degree. But only certain rays have a dis- 
similating effect on the blue-yellow or the green-red sub- 
stance, certain others have an assimilating effect and 
certain rays none at all. Each of the three substances, so 
to speak, sees its special spectrum; in the real spectrum 
these three partial spectrums lie, as it were, over or in 
each other. The spectrum of the black-white substance 
is most white or brightest in the “Yellow,” and loses 
brightness in both directions. The spectrum of the blue- 
yellow substance falls into two parts, one yellow and one 
blue; both parts are divided by a spot which is lightless 
for the blue-yellow substance, that is the spot of the pure 
“Green.” The spectrum of the green-red substance falls 
into three parts, a green middle part, and two red end 
parts. Accordingly it contains two spots which are light- 
less for the green-red substance, i.e. the spot of the pure 
“Yellow” and the pure “Blue.” The total spectrum of the 
optic substance, therefore, has three physiologically dis- 
tinguished points which are those where except for the _ 
white only one basic color is visible, namely the pure 
yellow, green and blue. The proper red is extremely small 
mpe spectrum since the spectral red contains much 
yellow. 

The first part of the spectrum from red to the pure 
yellow is, therefore (if we disregard the black and the 
counter colors of the visible colors which are below the 
threshold), mixed of white, red and yellow; the second 
part from pure yellow to green is mixed of white, yellow 
and green; the third part from green to blue is mixed of 
white, green and blue; the fourth part, finally, is mixed 
of white, blue and red. In the pure yellow, green and 
blue appear only white aside from the corresponding 
basic color. 

Mixed light appears colorless if it creates an equally 
strong dissimilation and assimilation moment for the 
blue-yellow as well as for the red-green substance because 
both moments then cancel each other and the effect on 
the black-white substance appears clearly. 

Two objective kinds of light which together produce 
white are, therefore, not to be defined as “complemen- 
tary” but as antagonistic kinds of light because they do 
not complete each other into white but only make this 
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appear clearly because as antagonists they mutually make 
their effect impossible. 

Since the size of the dissimilation or assimilation, 
which is conditioned by a light stimulus in one of the 
three substances, depends on the intensity of the stimulus 
as well as on the irritability we have, according to the 
three substances or qualities of the metabolism in the 
optic substance, to distinguish between three different 
kinds of D-irritability as well as A-irritability, thus a total 
of six different kinds of irritability which we can simply 
distinguish as the black, white, green, red, blue, and 
yellow irritability. 

Each of these six irritabilities is a variable size and, in 
particular, the D-irritability is by no means always as 
great as the corresponding A-irritability, on the contrary, 
the ratio of the two can be quite disparate. 

Therefore, not only can the same light mixture appear 
sometimes lighter and sometimes darker, but also some- 
times somehow colored and sometimes colorless depend- 
ing on the ratio of the present six irritabilities which 
condition what I want to call the mood of the organ of 


vision. 


Examination of a Total Color-Blind 


Ewa HERING 


Through the kindness of my esteemed colleague, Pro- 
fessor Sattler, I had the opportunity to examine a total 
color-blind who possesses sufficient acuteness of vision 
and a nearly normal discriminative sensitiveness for — 
brightness necessary for more accurate tests. I had 
wished for such a case for years because it could, so to 
speak, be put to the proof. That is, if in the eyes of a 
color-blind the rays reaching the light-sensitive layer of 
the retina do not suffer on their way through the eye 
any essential losses through absorption (in the lens and 
the Macula Lutea), or because of the fluorescence, other 
than in a normal eye, and if no other anomalies exist, 
then, according to the theory of color sense represented _ 
by myself, the location of the brightest spot in the spec- 
trum of the color-blind and a substantial shortening at 
the red end could not only be predicted but it could also 
be stated how he would see any objective color. Based 
on that theory one was able to produce in advance fo 
any colored area that white, grey, or black area which 
to the color-blind would appear like the colored one by 
type and brightness, and just the same it could be pre- 
determined for each homogenous colored light at what 
brightness of any other homogenous or white light the 
color-blind should see these lights without any distinc- 
tion. In short, one was in the position to produce in ad- 
vance any number of pairs of exchange colors. If he then 
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really could not distinguish between these, if they seemed 
the same to him by type and brightness, then this again 
furnished a conclusive proof for the usefulness of the 
theory. Based on the theory of Young and Helmholtz, 
nobody has so far been able to derive even two ex- 
change colors which appear the same to a total color- 
blind. 

As the following will show, the result of the examina- 
tion corresponded, in a manner even surprising to myself, 
to everything that had to be expected from the theory. 

Ahr It was confirmed that for the eye of the total color-blind 
| any colored light has that irritability which I have called 
ji the white valence of the colored light in connection with 
the normal eye. Since with a normal eye one is able to 
measure this white valence of any colored light and to 
assign the same white valence to a differently colored or 
white light visibly close by, so for a totally color-blind 
eye, if no other complications from other disturbances 
exist, one could in advance form an equation from each 
two colors, which under normal circumstances seem 
completely different to us in shade and brightness, by 
creating the suitable proportion of intensity. 


RESULTS FOR THE THEORY OF THE COLOR SENSE 


In a little treatise, “On the explanation of the color- 
blindness from the theory of the complementary colors,” * 
I tried to derive from this theory the type of color sensa- 
tions that would be experienced by the partial color-blind, 
who were then still called red or green blind. Soon there- 
after the known case, reported by v. Hippel, of one-sided 
partial color-blindness brought proof of the correctness of 
what was expected from the theory. At that time I was 
able to derive from the theory in an analogous manner 
the type of visual sensations of the total colorblind, and 
to refer to a case, described by Otto Becker,? of a nearly 
total one-sided color-blind which equally answered the 
requirements of the theory. At that time I did not yet 
know the course of the curve of the white valences in the 
spectrum, and I had not as yet developed the methods 
for the measuring of the white valences of colored lights. 
‚After this had happened and I was in the position to 
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determine with approximate accuracy the white valence 
of any colored light, I was able to represent as probable 
that two radiations, for us completely different by type 
and color, ought to appear the same to a total color-blind 
(if in his eye the light rays on their way to the retina 
have not suffered any substantial losses through absorp- 
tion other than in the normal eye) while both show the 
same colorless brightness with relatively reduced illumin- 
ation to a normal eye adapted to darkness; that, further, 
the curve of the white valences in the spectrum of the 4 
normal eye will be equal to the so-called brightness curve 
of the total color-blind and, also, ought to have a com- 
pletely different shape from the brightness curve in the _ 
spectrum of the normal eye The case described here 
has now proved the correctness of these expectations, too. 
The fact that the three variables of the color sense are 
not red, green, and violet (blue) but that they are white- 
black, yellow-blue, and red-green results conclusively from 
the phenomena of the simultancous and successive con- | 
trasts (the so-called fatigue phenomena), from the 
changes in the saturations and the shadings of colored 
lights when their intensity is greatly reduced or increased, og 
and from the type of color sense in the peripheral field 4 
of vision, so that for the support of such an assumption 
the phenomena of the congenital or acquired color-blind- - 
ness need not be pointed out. Neyertheless, the experi- | 
ments which nature has made for us in such cases are of | 
great interest. Insofar as it may now pass for a test of the 
correctness of a hypothesis, enabling us to predict the 
results of such experiments of nature, the assumption of 
the three aforementioned variables of the color sense has | 
passed this test. For when I made that assumption there | 
was no known case of one-sided red-green blindness and 
no case of total color-blindness had been examined more 
closely. i 
As is known, it has been attempted to bring the phe- 
nomena of total color-blindness into accord with the 
theory of Young-Helmholtz. Since there are still adher- A 
ents of this theory, I want to add from the Three-Color > 
__ Hypothesis to the explanation of the total color-blindness. N 
; According to the original version of this theory, as rep- i 
F} 


_ *<sented by Helmholtz in the first edition of his hand- 
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book and not quite dropped by him in the second edi- 
tion, the total color-blindness ought to be explained by 
the missing of two of the three assumed types of fibres. 
This explanation has been tried repeatedly although not 
by Helmholtz himself. 

Helmholtz as well as other adherents of the theory 
has designed so-called curves of the irritability intensity 
for those three types of fibres; this curve is supposed to 
depict with its ordinates the relative degree of the irri- 
tability, through the various spectral lights, of each type 
of fibre. In all these curve systems only the curve of the 
“green perceiving” fibres is, by shape and aspect, remotely 
similar to the above-mentioned curve of the white val- 
ences. One might now be tempted to assume that the 
latter curve is the true curve of the green perceiving 
fibres and that the deviations of this curve, which are in 
parts significant as shown by the alleged green curves of 
the curve system in question, rest either on wrong hy- 
potheses or observations, or on individual differences. 
Assuming this, the color-blind K. ought to see the entire 
spectrum exclusively as green according to Young’s 
theory. 

However, the following known facts speak against this: 


1. In the case of one-sided, nearly total color-blind- 
ness, described by Becker, the affected eye saw 
everything as colorless but not as green. 

2. In cases of acquired one-sided or two-sided total 
color-blindness (in the entire field of vision or in 
single parts thereof) everything looks equally color- 
less and not green. 

3. In the periphery of our field of vision we, too, see 
all colors which do not have too great a saturation 
or spread, and also white areas, as colorless but not 
as green. 


Since in all these cases the person involved knows the 
green light sensations as well as the colorless ones, it 
cannot be assumed that ignorance of the distinction be- 
tween green and white is the reason for this as it is with 
congenital color-blindness on both sides. 

Added to these known facts is now the one, stated here 
for the first time, that the so-called brightness curve in 
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the spectrum of the color-blind is essentially identical 
with the curve of the white valences in the spectrum of 
the normal eye. However, it is impossible to assume that 
the green-perceiving fibres alone are still irritable in an 
eye adapted to the dark because then, as the intensity of 
all colored radiations at increased natural or artificial 
twilight decreases and the adaptation to the dark sets in, 
in the same proportion would everything visible pass 
more and more over into green and, finally, everything 
in general still clearly visible would have to be seen as 
green. 

Just as our findings about a total color-blind are not 
compatible with the older version of Young’s theory, as 
discussed above, neither are they compatible with its 
more recent modification, represented especially by Fick, 
which has recently been elaborated by Helmholtz with- 
out, however, declaring himself positively in favor of it. 
According to the latter a total color-blind ought to possess, 
indeed, all three types of fibres with their different specific 
energies but would not be able to see either green or red 
or violet because all three types of fibres are supposedly 
always equally strongly irritated by any colored light; in 
other words, the “curve for the irritability intensity” is 
supposedly exactly the same for all three types of fibres. 
If, according to Young-Helmholtz, white is supposed to 
be perceived at simultaneous and equally strong irrita- 
bility of red, green, and violet, then the total color-blind 
would indeed see everything colored as colorless. 

Helmholtz supposes (II Edition, p. 349) that “three 
types of photochemically decomposable substances are de- 
posited in the end organs of the fibres of the optic nerves 
which types have a different sensitivity for the different 
parts of the spectrum.” The decrease of the color sense 
towards the periphery of the retina is supposedly founded 
on the quality or mixture of those photochemical sub- 
stances which cause these substances to become progres- 
sively more similar and, finally, equal as the distance from 
the center of the retina becomes greater. 

- This hypothesis allows the convenience for each retinal 
e and for each case of congenital or acquired color- 
ness to suppose that change in the nature of the 
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three photochemical substances which seems to be re- 
quired by the given type of the color sense. Color-blind- 


ness now is no longer a pathological deficiency as inter- . 


preted by Young and, earlier, by Helmholtz; also, one 
could not, based on the knowledge of the three primary 
colors and the normal curves of the irritability intensity, 
derive from the theory the type of color sense in case one 
or two fibres of the optic nerve are missing, but one 
ought to establish for each given case of color-blindness 
and for each retinal zone a corresponding auxiliary hy- 
pothesis about the change of the three photochemical 
substances. Each case is really not explained by the theory 
but by the ad hoc auxiliary hypothesis made each time. 

For one case of color-blindness it might now be as- 
sumed that the photochemical substances of all three 
types of fibres on the retina are the same, and that the 
curve of the white valences, depicted above, is held in 
common with the curve of the irritability intensity of all 
three types of fibres of the color-blind. However, how can 
it be explained that this curve is identical with the curve 
of the white valences of the normal eye? No one would 
want to assume that, with growing twilight or artificial 
adaptation of our eye to the dark, the three photo- 
chemical substances of the fibres of our optical nerves 
become progressively similar to each other and, finally, 
almost or completely identical. 

The above should suffice; for it can hardly be assumed 
that one would try to explain the identity of the curve 
of the white valences of normal eyes and completely 
colorblind eves from Young’s theory. Even A. Koenig, 
the latest defender of the latter, who ran his experiments 
in the physics institute headed by Helmholtz himself, 

i was content to find that the “lack of a simple connec- 
tion” of total color-blindness “to the not pathologically 
altered color system was of no consequence,” 4 and Helm- 
holtz did not even discuss total color-blindness in the 
ot ition of his handbook. 

So handbook (p. 382), Helmholtz remarks on the 
theory of the color sense represented by myself: “I do not 
believe that it is necessary in this book to engage in 


greater detail in such hypothetical opinions.” Yet Helm- 
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holtz has dedicated a few pages to the theory of the com- 
plementary colors and, thus, betrayed sufficiently that he 
did not engage in it in greater detail himself. With re- 
spect to the content of the present treatise only the 
following sentence will be stressed as proof: “Mr. Hering 
identifies the sensation of brightness with the sensation 
of white. He, therefore, asserts logically that no sensation 
of brightness is connected with the sensation of pure 
blue or yellow.” This account is altogether incorrect. 
Rather, at that time I used not less than six (paragraphs 
40 and 41) of the 34 pages of my sketch of a theory of 
the color sense exclusively in order to explain in what 
way the colored components of a visual sensation, i.¢., 
the pure, thought of as completely isolated, sensation of 
yellow, blue, red, and green co-determine the brightness 
of the total sensation. On p. 114 I stated explicitly that a 
“medium brightness or darkness,” comparable to a 
medium grey, belongs to these colored components; and 


it is further explained in detail in what cases the bright- — 


ness of a colorless normal sensation ought to be increased 
or decreased by the addition of a colored component. 
Helmholtz has remained ignorant of all this. The theory 
of the complementary colors ought to a great extent to 
have been unintelligible to him for that reason; for the 
assumption that the brightness of a colored light sensa- 
tion is determined not only by its colored but also by its 
colorless components is one of the bases of the entire 
theory, another reason why I devoted more than the sixth 
part of the entire treatise to the discussion of it. If I was 
then still of the opinion that the same medium bright- 
ness or darkness had to be attributed to all 4 (thought of 
as absolutely isolated from the colorless sensation) basic 
colors, and recognized only later that these four basic 
colors determine in different ways the brightness of the 
total sensation, this does not alter the fact that from the 
beginning I attributed an equally substantial influence 
on the brightness of the total sensation to the colored as 
well as the colorless components of the sensation. 

" Other erroneous facts that Mr. Helmholtz mentions in 
other places about the theory represented by myself have 
no relation to the content of the present treatise and will 
be examined at another opportunity. 
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Color Blindness 
ApoteH Fick 


Editor’s Note: In its classic form, the Young-Helmholtz 
theory had great difficulty in explaining color-blindness. If 
we see white only when there is a combination of red, 
green, and blue then how can we see white if one of these 
primaries is missing? In this article Fick advances a hy- 
pothesis that has been used by all advocates of the Young 
theory in order to get over this difficulty. 

The diversity of the color sensations mentioned in the 
previous paragraphs exists only if a stimulation of the 
elements in the polar zones of the retina is involved. As 
soon as the stimulated element is only a few millimeters 
away from the fovea centralis it is then, in general, not 
capable of such a diversity of different sensations. Only 
two colors, yellow and blue, can be distinquished, and 
the diversity of all possible sensations of light is reduced 
to the shadings of yellow from the more saturated through 
the paler shades to white and from there through paler 
shadings of blue to the more saturated blue, and in the 
area of this diversity there is—which must be emphasized 
especially—absolutely no continuous transition feasible 
from a yellow to a blue shading that would not go 
through white. The diversity, therefore, is a single infinite 
one and could be depicted graphically by a line without 
any expansion in the second dimension. 

i All radiations, whether homogeneous or mixed, pro- 
_ ducing the impression of red, yellow, or green at the 


This selection has been taken from Adolf Fick, Handbuch 
des Physiologie, Vol. III “Handbuch der Physiologie der Sin- 
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pole create the impression of yellow in the zone in ques- 
tion and, indeed, the paler the radiation the greener 
will the impression be at the polar zone. All radiations 
which here produce the impression of blue or violet 
create the impression of blue at the outer zone and, 
again, the paler the radiation is, the closer to green the 
impression appears at the polar zone. Radiations which 
give the impression of blue-green at the polar zone look 
white at the outer zone. 

Places of the retina located laterally farther away do 
not offer any qualitative differences of the light impres- 
sions. Every stimulation of them leads to the sensation 
of white, and only quantitative differences in it are 
possible. T 

The limits of these three retinal zones are not very 
sharp, rather the double infinite color diversity of the 
polar zone contracts gradually, but rather fast, into the 
single infinite one at the middle, and this one gradually 
into a zone of indistinquishability at the border zone. 
Very remarkable is also the fact that the distension of the 
zones is dependent upon various color discriminabilities, 
upon the size of the retinal image of the color object. 
That is, the larger the retinal image of the colored object, 
the farther away laterally can the colors be completely 
or partly perceived. With an exceedingly small retinal 
image no color can be distinguished even with the polar 
zone of the retina as was mentioned earlier. Leaving — 
these difficulties aside for the time being, Young’s theory 
too can easily answer for the imperfect color sense of the | 
side parts of the retina. z 

It seems that for this purpose the following hypothesis* 
could most naturally be made. The three specific, differ- 
ently perceiving types of fibres are distributed evenly on 
the retina but their end apparatuses alter their irritability 
for different radiations if one goes from the fovea centralis 
to the side, and that in the sense that the differences ın 
the irritability, which one type of end apparatus shows 
for various radiations, are equalized more and more and, 
also, that the differences in the irritability of the three \ 
types of end apparatuses become progressively smaller for — 
the same kind of rays. These latter differences—this we 
ly—have already disappeared com- — 
N 


WEL ET WG Posts A 


Pit alll 


42 Cotor BLINDNESS 


pletely in the middle zone for the end apparatuses of the 
ted- and green-perceiving rays. 

The three irritability curves for homogeneous rays pro- 
jected in the way they have been drawn up in Fig. 1 
for the polar zone would, accordingly, for the middle 
zone show about the shape of the three curves RGB in 
Fig. 1. The curves R and G really coincide exactly and 
a dotted line has been drawn up alongside the solid one 
only for clarity’s sake. For the border zone all three 
curves coincide into one straight line parallel to the 
abscissa axis. Here it might well be emphasized again 
that in constructing the curves, the different radiations 


A D E F G H 
Fig. 1. 


have to be thought of as certain intensities so that the 
total physiological impression has the same intensity. The 
objective energy of the least refrangible and the most 
refrangible radiations must, therefore, be thought of as 
much greater than that of the radiations of medium 
tefrangibility. 

It is noteworthy that the irritability through light is 
not at all less at the side parts of the retina than in the 
yellow spot, as one might perhaps assume according to 
the other imperfections of the side parts. They rather 
seem to be superior to the yellow spot as far as the irri- 
‘ability is concerned. This has earlier been asserted fre- 
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quently, and has recently been proved beyond a doubt 
through exact tests by Schadow.? He found that an object 
with lower light intensity is more easily visible 30° lateral 
from the fixation direction than in it. An object situated 
60° laterally from it, however, must light more intensely 
in order to be perceived than it has to if it lies in the fix- 
ation direction. It is conceivable, though, that the irrita- 
bility of the retina even in this far outer zone is still as 
great or greater than in the yellow spot, and that the 
invisibility of evenly strong shining objects throwing their 
images there stems only from the fact that these images 
themselves are less illuminated because the bundles of rays 
going to their points have less of an opening on account 
of the slanted passage. 

A considerable fraction of all people (probably more 
than 1/20) have a retina the polar zone of which does 
not even possess the above-mentioned diversity of color 
Sensations. Such individuals are called color-blind. The 
diversity of their color sensations is more or less great. It 
is probable that this condition consists simply of the fact 
that the change in the quality of the retina, which in the 
normal eye begins only in a certain middle zone, ın the 
color-blind eye already takes place in the fovea centralis. 
The degree of the color-blindness could be called so much 
greater as a farther outward lying zone of the retina of the 
normal eye corresponds in quality to the fovea centralis 
of the color-blind eye. The total color-blindness would 
consist of the entire retina possessing the quality of the 
outermost border zone of the normal eye. h 

There seems to exist a partial abnormal color-blindness 
which is distinguished in type from the middle zone of 
the normal eye. This could be explained by the fact that 
a pair of irritability curves of 3 types of fibres becomes 
congruent different from the pair for the green- and 5 z 
perceiving fibres, which fact would then lead to anot = 
system of color sensations. However, since this entire ia i 
ject pertains to the pathology rather than the physio ae 
of the eye this is not the place to enter into the details 
these complicated phenomena which in part have not as 
yet been completely clarified. Peon E 


The adherents of Young’s theory 
have earlier tried to explain in a different manner the 
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abnormal as well as the normal color-blindness of the 
outer parts of the retina. They supposed that where the 
color system is based on a single infinite diversity, one 
type of fibre, e.g. the red-perceiving, is missing. However, 
a part of the retina possessing only blue- and green-per- 
ceiving fibres would not be capable of the sensation of 
white at all. If it is a question of an unknown patho- 
logically color-blind eye, it cannot be determined, of 
course, whether it possesses the sensation of white be- 
cause it would not know it as such. With the color-blind- 
ness of the middle zone of the normal eye such a subter- 
fuge is not possible since it knows the sensation of white 
very well from the polar zone of its retina. This opinion 
can be refuted even more strikingly by the fact that the 
radiations which create the impression of green at the 
polar zone, create the impression of yellow at the middle 
zone although it is exactly here that the irritation of the 
green-perceiving fibres should stand out undisturbed by 
the irritation of the red-perceiving ones; the radiation in 
question, therefore, ought to look decidedly greener at 
the polar zone than it does on places of the retina pro- 
vided with red-perceiving fibre ends. 

In any event, one could invalidate these arguments 
with the assertion that one would not be entitled to com- 
pare directly the qualitative character of the color sensa- 
tions on widely separate places of the retina. Therefore, 
I want at least to point out another consideration from 
which, it seems to me, results with great probability the 
assumption that the absence of one or two types of fibres 
can never explain the reduction of the diversity of fibres 
on the outer zones of the retina. As mentioned above, 
the transition from the double infinite diversity at the 
polar zone to the single infinite one at the middle zone 
is gradual. One should, therefore, assume that the irri- 
tability of the red-perceiving fibres lessens from zone to 
zone until it finally reaches zero, in other words, until the 
red-perceiving fibres are missing. This decrease in the 
-irritability of the red-perceiving fibres, however, should 
_ obviously happen the fastest with the least refrangible 
_ Kinds of rays since their color impression changes the 
‘astest going from the polar zone to the side parts of the 

If one constructs the irritability curves of the 
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three types of fibres for all these zones, there would prob- 
ably be one zone where the irritability curve of the red- 
perceiving fibres would run almost similar to that of the 
green-perceiving one. For this zone, however, the color 
area would be reduced to a length of a line going from B, 
Fig. 2, to a point which would divide the side RG pro- 
portionately to the ordinates of the irritability curves R 
and G where, therefore, the diversity of the colors would 
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e described above. 


be si infinite similar to the on ‚above 
e single infinite similar to f the irritability in 


Then, with a still further decrease of the initabr! 
the red-perceiving fibres, a double infinite diversity i 
color sensations would appear again corresponding = 
area located in the triangle above the aforemen jones 
line. This would be the case on such zones of the Eu 
where the irritability of the red-perceiving te m y 
certainly have become less but where the or a SI 
the curve would not be proportionate to the or ma ae 
the curve representing the green-percelving fibres. a 

end, the entire color area would naturally retreat to line 
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BG of the figure. Therefore, between two retinal zones 

with single infinite color diversity there ought to be en- 
closed one with a double infinite diversity. However, 
nothing of this zone has been observed. 

The imperfect ability of the side parts of the retina to 
distinguish colors has in recent times been the subject of } 
tests by numerous researchers? whose results have in part 
been included in this presentation. 


REFERENCES 


1, Fick, Zur Theorie der Farbenblindheit. Arbeiten aus 
dem physiologischen Laboratorium der Wiirzburger 
Hochschule. IV. Lieferung. S.213 Würzburg, 1878. 
Sep.-Abdr. aus den Verhandlungen der phys.-med. 
Gesellschaft. 

. Schadow, Arch. f.d.ges.Physiol.XIX. S. 499. 

. Schelske, Arch. f. Ophthalmologie IX. S.3, Schön, 
Die Lehre vom Gesichtsfelde und seinen Anomalieen. 
Berlin, 1874; Klug, Ueber Farbenempfindung bei indi- 
rektem Sehen. f. Ophthalmologie XXI, S.l; Holm- — 
gren, De la cecite des couleurs etc. Stockholm. 


Wn 


A New Theory of Light-Sensation 


CHRISTINE Lapp-FRANKLIN 


The reasons which make it impossible for most people 
to accept either the Hering or the Young-Helmholtz 
theories of light sensation are familiar to everyone. The 
following are the most important of them:— 

The Young-Helmholtz theory requires us to believe: 
(a) something which is strongly contradicted by con- 
sciousness, viz. that the sensation white is nothing but 
an even mixture of red-green-blue sensations; (b) some- 
thing which has a strong antecedent improbability against 
it, viz. that under certain definite circumstances (e.g. 
for very ex-centric parts of the retina and for the totally 
eolor-blind) all three color-sensations are produced in 
exactly their original integrity, but yet that they are never 
Produced in any other than that even mixture which gives 
us the sensation of white; (c) something which is quan- 
titatively quite impossible, viz. that after-images, which 
are frequently very brilliant, are due to nothing but 
what is left over in the self-light of the retina after part 
of it has been exhausted by fatigue, although anyone 
ee see that the whole of the self-light is excessively 
aint. 

The theory of Hering avoids all of these difficulties of 
the Young-Helmholtz theory, but at the cost of intro- 
ducing others which are equally disagreeable; it sins 
against the first principles of the physiologist by requiring 
us to think that the process of building up highly oe 
ized animal tissue is useful in giving us knowledge of the 
a istine Ladd- 

This selection is taken from the book by Christine t 
Franklin, Colour and Colour Theories, New York: Hara 
Brace and Co., 1929, pp. 66-71. Reprinted by permission o 
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external world instead of supposing that it takes place 
(as in every other instance known to us) simply for the 
sake of its future useful tearing down; it necessarily 
brings with it a quite hopeless confusion between our 
ideas of the brightness and the relative whiteness of a 
given sensation (as is proved by the fact that it enables 
Hering to rediscover, under the name of the specific 
brightness of the different colors, a phenomenon which 
has long been perfectly well known as the Purkinje phe- 
nomenon); the theory is contradicted (at least the present 
conception of it) by the following (new) fact—the white 
made out of R and BG is not the same thing as the white 
made out of blue and yellow; for if (being mixed on the 
color-wheel) these two whites are made equally bright at 
an ordinary intensity, they will be found to be of very 
different brightness when the illumination is made very 
faint. 

Nevertheless, the theory of Hering would have to be 
accepted, if it were the only possible way of escape from 
the difficulties of the Young-Helmholtz theory. But these 
difficulties may be met by a theory which has the follow- 
ing for its principal assumptions. 

In its earliest stage of development, vision consisted 
of nothing but a sensation of grey (if we use the word 
grey to cover the whole series black-grey-white). This 
sensation of grey was brought about by the action upon 
the nerve-ends of a certain chemical substance, set free 
in the retina under the influence of light. In the course of 
development of the visual sense, the molecule to be 
chemically decomposed became so differentiated as to 
be capable of losing only a part of its exciting substance 
at once; three chemical constituents of the exciter of the 
grey-sensation can therefore now be present separately 
(under the influence of three different parts of the spec- 
trum respectively), and they severally cause the sensa- 
tions of red, green, and blue. But when all three of these 


theory is found, upon working it out in detail, 


= as completely as 
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to avoid the difficulties of the theories of Helmholtz and 
of Hering. 

Its assumption of a separate chemical process for the 
Production of the sensation of grey gives it the same 
great advantage over the Young-Helmholtz theory that 
k possessed by the theory of Hering; it enables it, namely, — 

© account for the remarkable fact that the sensation of 
au exists unaccompanied by any sensation whatever of 

er under the five following sets of circumstances— 
ai the portion of the retina affected is very small, 
when it is very far from the fovea, when the illumination 
is very faint, when it is very intense, and when the retina 
is that of a person who is totally color-blind. This 
advantage my theory attains by the perfectly natural 
and simple assumption of a partial decomposition of 
chemical molecules; that of Hering requires us to suppose 
that sensations so closely related as red and green are the — 
accompaniments of chemical processes SO dissimilar as 
the building up and the tearing down of photo-chemical 


substances, and farther that two complementary colors 
call forth photo-chemical processes which destroy each 
whic! 


other, instead of combining to produce the process 
underlies the sensation of grey. 
Of the first four of the above enumerated cases, the 


explanation will readily suggest itself; in the case of the © 
differentiation — 


totally colorblind it is simply that that 
of the primitive molecules by which they have become 


capable of losing only a part of their exciting substance A 
at one time has not taken place; the condition, m other 
rtial color-blind- 


words, is a condition of atavism. In pa } 
ness, and in the intermediate zones of the retina m | 
Normal vision, the only colors perceived are yellow. and 
blue. This would indicate that the substance which in its 
primitive condition excites the sensation of grey becomes 

a the first place differentiated into two substances, the 
exciters of yellow and blue respectively, 


and that at a 
later stage of development the exciter of the sensation CY 
yellow becomes again separated into two substances which 
produce respectively the sensations of red and of green. 
In this way the unitary (non-mixed ) character of the 

three-color theory 


sensation yellow is accounted for by a - 
alae oye four-color theory. A three-color — 
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theory is rendered a necessity by the fact that it alone 
is reconcilable with the results of Kénig’s experiments 
for the determination of the color-equations of color- 
blind and of normal eyes,1 experiments which far exceed 
in accuracy any which have yet been made in color-vision, 
but which owing to the intricate character of the theo- 
retical deductions made from them, have not hitherto 
been allowed their due weight in the estimation of color- 
theories. . 

The explanations which the theory of Hering give of 
after-images and of simultaneous contrast are not expla- 
nations at all, but merely translations of the facts into 
the language of his theory. My theory is able to deal 
with them more satisfactorily; when red light, say, has 
been acting upon the retina for some time, many of the 
photo-chemical molecules have lost that one of their 
constituents which is the exciter of the red sensation; 
but in this mutilated condition they are exceedingly 
unstable, and their other two constituents (the exciters 
of the sensations of blue and of green) are gradually set 
free; the effect of this is that, while the eyes are still 
open a blue-green sensation is added to the red sensation 
with the result of making it gradually fade out into white, 
and, if the eyes are closed, the cause of the blue-green 
sensation persists until all the molecules affected are 
totally decomposed. Thus the actual course of the sensa- 
tion produced by looking at a red object—its gradual 
fading out, in case of careful fixation, and the appearance 
of the complementary color if the illumination is dimin- 
ished or if the eyes are closed—is exactly what the origi- 
nal assumption of a partial decomposition of molecules 
would require us to predict. The well-known extreme 
rapidity of the circulation in the retina would make it 
impossible that the partly decomposed molecules just 
referred to should remain within the boundaries of the 
portion of the retina in which they are first produced; 
and their completed decomposition after they have passed 
beyond these boundaries is the cause of the comple- 
mentary color-sensation which we call simultaneous con- 


"A. König und C, Dieterici, Sitzungberichte der Berl. Akad., 
a Juli, 1886. 
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trast.! The spreading of the actual color which succeeds 
it would then be accounted for, as Helmholtz suggests, 
by a diffusion of the colored light in the various media 
of the eye. 

No effort has hitherto been made to explain a very 
remarkable feature in the structure of the retina—the 
fact that the retinal elements are of two different kinds, 
which we distinguish as rods and cones. But this struc- 
ture becomes quite what one might expect, if we sup- 
pose that the rods contain the undeveloped molecules 
which give us the sensation of grey only, while the cones 
contain the color molecules, which cause sensations of 
grey and of color both. The distribution of the rods and 
cones corresponds exactly with the distribution of sen- 
sitiveness to just perceptible light and color excitations 
s ortermined by the very careful experiments of Eugen 

ick.? 

Two other theories of light sensation have been pro- 
posed, besides the one which I have here outlined, either 
one of which meets the requirements of a possible theory 
far better than that of Hering or of Helmholtz; they 
are those of Göller? and Donders.* The former is a 
physical theory. That of Donders is a chemical theory, 
and very similar to the one which I here propose. Every 
chemical theory supposes a tearing down of highly com- 
plex molecules; Donders’ theory supposes in addition 
that the tearing down in question can take place in two 
successive stages. But Donders’ theory is necessarily a 
four-color theory; and Donders himself, although the 
experiments of Kénig above referred to had not at that 
time been made, was so strongly convinced of the neces- 
sity of a three-color theory for the explanation of some 
of the facts of color-vision that he supplemented his 
four-process theory in the retina with a three-process 
theory in the higher centres. The desirableness, therefore, 


1 But see p. 146 n. 4 EN: 
2“Studien über Licht und Farbenempfindung, Pflüger's 


Archiv., Bd. xliv, pp. 441, 1888. A y 
3 “Die Analyse der Lichtwellen durch das Auge,” Du Bois- 


Reymond’s Archiv, 1889. oR F 
<“Noch einmal die Farben-systeme,” Gräfe's Archiv. für 


Ophthalmologie, Bd. 39 (1), 1884. 
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of devising a partial decomposition of molecules of such 
a nature that the fundamental color-processes assumed 
can be three in number instead of four is apparent. 

But the theory of Donders is open to a still graver 
objection. The molecules assumed by him must, in order 
to be capable of four different semi-dissociations, consist 
of at least eight different atoms or groups of atoms. The 
red-green dissociations and the yellow-blue dissociations 
we may then represent symbolically by these two dia- 
grams respectively :— 
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But it will be observed that the two completed dis- 
sociations end by having set free different combinations; 
in the one case 1 is combined with 2 and in the other 
case 1 is combined with 8, etc. If, now, the partial disso- 
Ciations are so unlike as to cause sensations of yellow and 
blue (or of red and green) it is not probable that com- 
pleted dissociations which end in setting free different 
chemical combinations should produce the same sensa- 
tion, grey. The difficulty introduced by Donders’ theory 
is therefore (as in the case of Hering’s theory) as great 
as the difficulty sought to be removed. It is the desire to 
secure the advantages of a partial dissociation theory, 
without the disadvantages of the theory of Donders that 
has led me to devise a partial dissociation of molecules 
of a different kind. 


Bearing of Results on Theories 
of Color-Vision 


Mary Coins 


an A not proposed in this section to assert dogmatically 

aa he results fit in with any particular theory. It was 

ars ea in the Introduction that the experiments were 

Di out without any preconceived theory causing a 

ha Men the question now arises, how far do the results 
or or against existing theories? 

Although we have considerable admiration for Dr 


Be of much valuable information and many use- 
visi ests, it must be admitted that his theory of color- 
Heke is difficult to reconcile with facts. It has been found 
pease to group the ten subjects into specific unit 
eS sses. H and J may be grouped as two-units, although 
Ne should be very loath to admit that red and violet are 

e two colors visible to them. It somewhat disarms 
criticism to find that, according to Edridge-Green, they 
are not supposed to see these two co 
ae of their two psycho-physical units which are yel- 
ow and blue. Even admitting 
difficulty. He appears an extreme ca 
blindness with his yellow and blue sensations reduced 
in sensitivity. In fact, he may be regarded as akin to, 
Or as just preceding ‘monochromatic vision. If so, and 
~ 


e book Colour Blindness wy 
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This selection is taken from thi 
any, New York, 192 


Mary Collins (Harcourt, Brace and Comp: 
Pp. 215-220), in which the author recor 
of color-blindness. The selection quoted below concerns the 
way in which the various theories of color stand up in ex- 
plaining her results. Reprinted by permission of Harcourt, 
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ds her extensive study — 


Edridge-Green’s practical achievements, which have been — 


lors, but only the 


this, subject J raises a 
se of red-green color- — 
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if Edridge-Green’s theory is understood correctly, should 
not red and violet, the two extremes of the spectrum, 
be the colors visible to J? Further, if the centre colors of 
the units are always the colors seen, then the color sen- 
sations of the color-blind must vary from individual to 
individual, since the position of their psycho-physical 
units varies. In fact, a shortening of the spectrum at 
either end will narrow the band of color and shift the 
centre. J has shortened spectrum at the red end, a large 
neutral band, a small region of yellow, a second neutral 
band, a small region of blue, and the violet end shortened. 
There is no suggestion whatsoever that red and violet 
are the colors he sees, and certainly yellow does not form 
the centre of his red, nor blue the centre of his violet. 
It seems quite clear that yellow and blue are the two 
colors seen, and that these colors are the last seen before 
monochromatic vision supervenes. 

When we come to the three-units, the same difficulty 
arises. We find that reddish-green is a term used by the 
three-unit; therefore, we try to place B in the three-unit 
class, from that and other evidence, but without success. 
The three colors of the three-unit class are ted, green, 
and violet. The three-unit never confuses red with green, 
but is always in difficulty with yellows and blues. This 
seems contrary to fact. B, or any of the other subjects 
examined, is always confusing red with green, but vellow 
and blue are two of his clearest sensations. The confusion 
of brown with green is a diagnostic sign of the four-unit. 
This class can see clearly red, yellow, green, and violet, 
but here again the facts point to different conclusions. 
The results, therefore, as we have found them, are diffi- 
cult to reconcile with this theory, and rather appear to 
give direct evidence against it. 

As a further point of explanation, it may be argued 
that yellow and blue are not clearly seen by the three- 
unit, that yellow is frequently confused with green, and 
blue with violet, as Edridge-Green affirms. This is true, 
but it appears to be a begging of the question. Yellow is 
confused with green in cases where the green element is 
absent, as in a compound of yellow-green, or in cases of 
color-blindness where green has been replaced by yellow 
and called green by convention, but that does not alter 
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the statement that yellow is a distinct color sensation. 
Blue, likewise, shows confusion with violet and with pink, 
but is not that because the red element is not recognized 
in these two cases. It does not affect the validity of the 
statement that blue is a clear color sensation of the red- 
green color-blind. 

In the Ladd-Franklin theory, the red element “falls 
out” in red-blindness, and green is replaced by yellow; 
in green-blindness the green element “falls out” and 
yellow replaces red. 

In the results submitted, certain cases seem pattially 
to support this theory; whether they wholly support it 
is difficult to decide. One fact, which does give it support 
in the extreme cases, is that yellow and blue are the only 
two colors visible. In H and J’s cases the red and green 
must both have fallen out and been replaced by yellow; 
in other words, there has been a total regression to the 
second stage. 

It seems more difficult to account for the milder forms. 
With some of the examinees green is replaced by yellow, 
which would appear to support the theory; this occurs 
in cases of red-blindness or in those cases in which the 
spectrum is shortened. But we have repeatedly shown 
that red is not totally invisible, nor green either. There- 
fore, all the red cannot have “fallen out,” nor all the 
green been replaced by yellow. 

In green-blindness, the green sensation is said to be 
missing, and yellow vision takes the place of the red. The 
same argument holds here, for the red is not always 
replaced by yellow, nor does the green element always 
appear to be missing. In fact, the division of color-blinds 
into two such groups seems unnatural and essentially 
artificial. There is little difference between a case of 
shortened spectrum and a case in which the spectrum is 
of normal length when milder forms of the defect are in 
question. For in our results there seems little difference 
between A and B, although the former is credited with 
a shortening of the spectrum. It may be that Dr. Ladd- 
Franklin has modified her theory to explain such cases, 


1 Dr. Houston’s results, of which the writer has just become 
aware, confirm this statement. 
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but so far attempts to find a reference to such modifica- 
tion have failed. 

The “old” explanation of Helmholtz may be set aside, 
for the newer explanation fits the facts much better. It 
must be admitted that few text-books on the subject 
seem to recognize or acknowledge this second mode of 
explanation, and still give Helmholtz’s views along the 
line which he himself so vigorously repudiated. 

In red-blindness—that is, in cases of shortened spec- 
trum—the red substance has become equal to the green 
substance; but yellow and blue are the two colors visible. 
The yellow begins in the orange, and the blue-green 
forms the neutral band. In green-blindness, the opposite 
condition occurs, and the neutral band appears in the | 


tyt 


seems again to make an unnatural division between color- 
blinds and not to make any allowance for the type of 
case we have been describing, or those described by Pro- 
fessor Hayes. Even McDougall’s modification. seems to 
fail to account for these red-green color-blind cases in 
which these two colors may sometimes be recognized. If 
color-blindness is atavistic, and facts seem to confirm 
that hypothesis, these cases may be regarded as midway 
between normal vision and total reversion to the blue- 
yellow stage. The great point of superiority of Edridge- 


Green’s theory is that he recognizes such transitional 


cases. 
Helmholtz’s theory admirably fits the facts for extreme 


cases, those cases in which blue and yellow are the color 
sensations experienced. It also gives a satisfactory reason { 
why the neutral band should lie in the blue-green in 3 
red-blindness and in the green in green-blindness. Yet 
subjects H and J, as far as we were able to discover, | 
appeared to have a neutral band embracing both. They 
are neither red-blind nor green-blind, but are red-green 
blind. It does not seem, however, to explain the milder 
cases of partial color-blindness, unless it may be possible 
to account for them along the lines of Peddie by the 
“formation of some derived color triangle which will 


conform to the facts. at 
; Hering theory exposes itself to the same objection, ' 
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reen. y. 
This theory, while accounting for some of the facts, 
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namely, that it explains solely the limiting cases. It has 
the apparent advantage that red-green blindness is treated 
as a whole and is not so artificially divided into the types 
of Helmholtz. The variations, which do undoubtedly 
exist in this defect, are accounted for by differences in the 
pigmentation of the eye, and Hering decided, on the basis 
of experimental results, that color-blinds could be re- 
garded as yellow-sighted or blue-sighted. We have little 
evidence in favour of, or against, this view. 

One outstanding result which does support the Hering 
theory is that the position of the neutral bands of the 
color-blinds corresponds with the fundamental colors 
adopted in the theory. The one neutral band lies in the 
blue-green which is the green of the Hering theory; the 
other lies in the complementary of that green, in the 
purples, which is the red employed by Hering—a red 
beyond the red end of the spectrum. These facts lend 
strong support to the theory in the fundamental colors 
chosen, for if the substances for these two elementary 
colors are absent, then the color sense must be deficient 
in red and green, leaving as clear sensations the other two 
fundamental colors, blue and yellow. 

Finally, our tentative finding is that the Hering theory, 
the Young-Helmholtz theory, and the Ladd-Franklin the- 
ory all fit the facts of red-green color-blindness when 
the defect takes an extreme form, but they seem to fail 
to take account of cases which suffer from this disability 
in a less marked degree. 
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The Development of Thomas Young’s 
Theory of Color Vision 
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I. THOMAS YOUNG'S FUNDAMENTAL CONTRIBUTION 


It has been known for a good deal over a hundred 
years that the sensation produced by nearly any given 
light may be reproduced by the mixture in proper propor- 
‘tions of the light from three selected portions of the 
spectrum. More generally, and perhaps more accurately 
stated, all color sensations produced by light may be 
described in terms of three properly chosen variables. 
One may say 


L=pA+qB+rC (1) 


in which L is the light, A, B, and C are the chosen vari- 
ables, usually spoken of as primaries, and p, q, and r, are 
the coefficients representing the respective amounts of 
the primaries required to match the sensation produced 
by the light. The particular specifications of these pri- 
maries may vary, and indeed may be quite arbitrarily 
assumed. Nevertheless, they are adequate as a formal 
description of the properties of color vision insofar as 
they relate to color mixing. 

Such a basic fact should obviously be utilized and in- 
corporated into any mechanism proposed as a theoretical 


This selection originally appeared in the Journal of the 
Optical Society of America, 20, No. 5, May 1930, pp. 231-270. 
The greater part of this paper was given as an address at 
the Thomas Young Memorial Meeting of the Optical Society 
of America, held on October 24th, 1929, at Cornell University, 
Ithaca, to commemorate the centennary of the death of Thomas 
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basis for color vision. This indeed was first done about 
130 years ago by Thomas Young, the centenary of whose 
death we are today commemorating. Young‘? supposed 
that there are three kinds of fibers in the retina, each 
producing a characteristic sensation, one of red, another 
of green, and a third of violet (or blue). Each type of 
fiber is sensitive practically to the whole visible spectrum 
but the first possesses a maximum of sensibility in the 
red, the second in the green, and the third in the blue. 
Various color sensations then result from the relative 
strength with which the three different fibers are stimu- 
lated by the objective light. 

Newton?® had supposed that certain elements in the 
retina vibrated in unison with the incident light, and that 
the “harmony and discord of colors arise from the pro- 
portion of the vibrations propagated through the fibers 
of the optic nerve into the brain as the harmony and 
discord of sound arise from the proportions of the vibra- 
tions of the air.” 

This conception was not acceptable to Thomas Young. 
In his famous Bakerian lecture to the Royal Society in 
1801 he therefore suggested that since “it is almost 
impossible to conceive each sensitive point on the retina 
to contain an infinite number of particles each capable of 
vibrating in perfect unison with every possible undula- 
tion, it becomes necessary to suppose the number limited, 
for instance, to the three principal colors, red, yellow, 
and blue, of which the undulations are related in mag- 
nitude nearly as the numbers 8, 7, and 6; and that each 
of the particles is capable of being put in motion less or 
more forcibly by undulations differing less or more from 
a perfect unison; for instance, the undulations of green 
light being nearly in the ratio of 642 will affect equally 
the particles in unison with yellow and blue and produce 
the same effect as a light composed of those two species; 
and each sensitive filament of the nerve may consist of 
three portions, one for each principal color.” In a later 
communication, due to the erroneous observations of 
Wollaston, Young®! suggested that these basic color 
sensations are red, green, and violet. j 

Young does not specifically say that the sensation of 
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white is produced by the simultaneous stimulation of the 
three fibers. However, it is apparent that this is an obvious 
conclusion from his theory. Koenig?? has pointed out that 
Thomas Young rests his theory on a principle which we 
in physiology at the present time recognize but which at 
that time had not yet been enunciated by its author, 
Johannes Miiller.8* This is the principle of the specific 
energies of nerves which supposes that no matter how a 
given nerve fiber is stimulated, it always produces a cer- 
tain “energy” or quality which is associated with it. In 
this case a specific fiber will produce the sensation of red, 
or of green, or of blue depending upon its own self only 
and not upon the particular wave length which is used in 
stimulating it. 

It is not usually recognized that Thomas Young’s in- 
sight into the problem of color vision went even deeper 
than this. He suggested that the color confusions which 
were made by his contemporary, Dalton, were due to the 
lack or paralysis of those fibers in the retina which were 
concerned with the red sensation. 

For nearly fifty years these ideas lay buried. They were 
rescued from oblivion by Maxwell 3° and by Helmholtz!# 
almost at the same time. It would be difficult to find a 
better statement of the position in the history of science 
of this theory and of Thomas Young’s work in general 
than the one given by Helmholtz in his Popular Scientific 
Lectures.15 Helmholtz after describing various aspects of 
color vision says: “The nature of colors with all these 
marvelous and complicated relations was a riddle which 
Goethe in vain attempted to solve; nor were we physicists 
and physiologists more successful. I include myself in the 
number for I long worked at the task without getting any 
nearer my object until I discovered that a wonderfully 
simple solution had been made at the beginning of this 
century and had been in print ever since for anyone to 
read who chose. This solution was found and published by 
the same Thomas Young who first showed the correct 
method of interpreting the Egyptian hieroglyphics. He 
was one of the most acute men who ever lived, but he 
had the misfortune to be born far in advance of his con- 
temporaries. They looked on him with astonishment but 
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they could not follow his bold speculations. And so a 
mass of his most important thoughts remained buried 
and forgotten in the Philosophical Transactions of the 
Royal Society until a later generation slowly arrived at the 
rediscovery of his discoveries and came to appreciate the 
force of his argument and the accuracy of his conclu- 
sions.” 


II. THE ADEQUACY OF YOUNG’S IDEA 


Few among us today suppose that Young’s idea as here 
given in its simple form or as elaborated by Helmholtz,!* 
Koenig,?? von Kries,27 and others, is adequate as a com- 
plete theory for the mechanism of color vision. We know 
very definitely that it is not. The question, however, has 
often been raised as to whether it can serve even as the 
basis for a theory of color vision. This question was raised 
by Aubert,? and by Hering!” almost immediately after 
Maxwell and Helmholtz first brought Young’s idea to 
light. Aubert, Hering, and more recently Ladd-Franklin®8 
considered the problem of color theory from a totally 
different point of view than did Young. Instead of relying 
on the objective facts of color mixtures which state that 
three variables are enough to describe color sensation, 
these investigators started from their own sensations of 
color. Perhaps the simplest way of indicating their point 
of view is to consider the sensations of yellow and 
white. Mixtures of green and blue lights give a continu- 
ous series of colors, the blue-greens, in which both colors 
are identifiable. The same is true with mixtures of red and 
blue lights; these give a serics of violets and purples in 
which one can see the two components. But in mixtures 
of red and green, a new sensation, yellow, arises which 
contains neither red nor green. Yellow seems to be some- 
thing by itself. It is definitely not red plus green; and we 
recognize this by saying that a color is greenish yellow 
or reddish yellow, not greenish red nor reddish green. 
The same is true for mixtures of yellow and blue or of 

green, red, and blue which give white, a totally new 


Sensation. s 
If Young’s idea is correct then it must be supposed that 
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yellow is a central phenomenon occurring in the brain 
when in the retina the red and green receiving fibers 
function simultaneously; similarly, white is the sensation 
which occurs in the brain when all three receiving fibers, 
the red, the green, and the blue, function in the retina. 
It is precisely against such a formulation that Aubert, 
Hering, and Ladd-Franklin ranged themselves. And as a 
result first Aubert, then Hering, and later, Ladd-Franklin 
devised theories which take into consideration the curious 
uniqueness of the yellow and the white sensations. 

One must not minimize the difference between these 
two positions. It would perhaps be difficult to do so be- 
cause the work of the last fifty years in color vision has 
had its origins mainly in the antagonism which has 
existed between those who, like Helmholtz, Koenig, von 
Kries, Abney, and others, have accepted and amplified 
Young’s original formulation and those who, like Hering, 
Aubert, and Ladd-Franklin, have held opposing views. 
Nevertheless, it is important to remember that these two 
sets of views are not necessarily antagonistic when, as 
suggested by v. Kries, they are considered as partial 
descriptions of different parts of the process of color 
vision as a whole. It is only when they are concerned 
with a formulation of the receptor process in the retina 
that the two views are in sharp contrast. And here their 
differences demand an experimental test. 

If there is to be developed an adequate theory for the 
mechanism of color vision a decision must be made in 
the very beginning as to which of the two conceptions 
of yellow and white is correct. Are there special sub- 
stances or processes in the retina for the reception of 
yellow and white or are yellow and white phenomena 
which arise in the brain out of the impulses coming 
from the three kinds of fibers or processes in the retina? 
Is a three receptor notion adequate or do we need to 
have a four or perhaps a five receptor system to account 
for color vision. Since the data of color mixing may be 
adequately described on a three dimensional basis they 
can be described on a four dimensional basis as well—a 
fact which has been frequently pointed out.5.13,84,37 The 
problem is, therefore, essentially a physiological one, and 
not a mathematical one. 
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If red light and green light fall on a given retinal area 
of one eye and a yellow sensation results, it is not possible f 
to decide whether this is the result of a stimulation of 
two receptors or of one receptor. But if red light falls on 
the retina of one eye, and green light falls on the corre- | 
sponding portion of the retina of the other eye, and the | 
result is a yellow sensation, then only Young’s idea is 
tenable, because there must be two receptors involved in 
making the yellow sensation from red and green. This is \ 
precisely what happens in the binocular mixing of colors. r 

The binocular mixing of colors is an old story. Curi- j 
ously enough, Helmholtz was unable to fuse colors 
binocularly and the weight of his authority prevented the 
binocular fusion of colors from a proper acceptance. 
Nevertheless, Hering and a number of other investigators 
showed precisely what was wrong with Helmholtz’ experi- 
ments and arranged apparatus to overcome it. Largely as 
a result of the work of Trendelenburg*® and recently of 
Rochat,3® there is no doubt any longer that the binocular | 
fusion of colors takes place and that one can get from 
this method regular color mixing equations resembling 
those secured monocularly. I have recently!? described a 
very simple method of demonstrating binocular fusion of | 
colors which renders it impossible for anyone to doubt its p 
existence and which could be adopted as a routine labora- 
tory experiment. 

Ít must be obvious that if one can produce a white 
sensation by putting yellow in one eye and blue in the 
other, there is no use in talking of a special receptor for 
white. White and yellow are sensations which are pro- 
duced in the brain out of the impulses that come in from 
the three receptors in the retina. We may, therefore, con- 


clude that the uniqueness of yellow and white as sensa- 4 
tions is no obstacle to adopting Thomas Young’s three 
receptor idea as a basis on which to build a theory for } 


the receptor mechanism of color vision. This does not 
mean that the ideas which prompted Aubert, Hering, and 
the others may not be applicable to some other portion 
of the complicated series of events involved in color 
vision. That, however, is beside our present point. For 
the receptor process a three fiber idea is adequate. | 
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II. THE NATURE OF YOUNG'S THREE FIBERS 


Having adopted the notion of three receptor elements 
as a basis for color vision, we are obliged to consider the 
further specification of the nature of these three recep- 
tors. It has frequently been suggested, and with excellent 
reason, that the three fibers may be considered as three 
species of cones. In this way there is united the fiber idea 
of Young with the substance idea of Helmholtz. Each 
type of cone contains its own photosensitive substance, 
and is connected with an optic nerve fiber, stimulation 
of which produces in the brain the corresponding sensa- 
tion. Let us adopt this notion as a clarifying and a simpli- 
fying one, and proceed to the necessary next step in the 
theoretical treatment of color vision, namely, the quanti- 
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Fig. 1. Spectral sensibility distribution of Young’s three pri- 


maries as suggested by Helmholtz (14). The shapes 
of the curves are entirely diagrammatic. 


/ 


tative description of the spectral properties of these three 
receiving elements. 

Efforts to define them have not been lacking. Young 
originally gave no precise description of his three fibers 
except to say that their maxima were respectively in the 
blue, the green, and the red, and that they each were 
sensitive to the whole spectrum. However, Helmholtz!* 
made a drawing of their spectral properties, which, though 
entirely fanciful, expressed Young’s and his notions of 
them. This drawing is reproduced in Fig. 1. Later, ue 
work of Maxwell,2° of Koenig and Dieterici,”° of Abney,?. 
and recently of Wright‘? has given us three curves cur- 
rently known as excitation curves or see ae 
which are supposed to represent the spectral character- 


68 Tuomas Younc’s THEORY OF CoLoR VISION 


isties of the three primaries at the basis of color mixing. 
These curves are reproduced in Fig. 2. They give the 
values derived by Weaver from the work of Koenig and 
Dieterici and of Abney, and have been adopted by the 
Optical Society*! as standard primaries. The areas under 
the three curves are made equal following Koenig’s 
original suggestion that they contribute equally in making 
white. In terms of them, there is usually constructed the 
familiar color triangle. 
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Fig. 2. The excitation curves adopted as standard by the 
Optical Society of America. The curves are taken from 
the Report of the Colorimetry Committee (41) and 
were derived by Weaver by recomputing and averaging 
the data of Kéenig and Dieterici (26) and Abney (1). 
They correspond essentially to what Koenig and Die- 
terici called their Elementarempfindungen. 


Do these three excitation curves really represent the 
physiological primaries of Thomas Young? Are they a 
description of the spectral properties of three funda- 
mental processes concerned with the reception of color? 
There is a tacit assumption among us that they are, 
though most of us would never acknowledge this publicly. 
Certainly Koenig who first derived them accurately felt 
that they were very nearly the descriptions of the three 
sensations, though he knew they were not exactly so. 

Therefore, by making ‘a few linear and homogeneous 
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_ transformations in their values, he derived from them k, 
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three curves, which he called the basic sensation curves, 
or Grundempfindungen, and which he thought might 
represent these primaries physiologically. These are given 
in Fig. 3. Koenig never forgot that his three Grundem- 
pfindungen were transformed color mixture equations; 
and when it became necessary later to change their form 
he did not hesitate to do so.?* Since Koenig’s time the 
original Grundempfindungen have acquired an air of 
great respectability; so much so, that the very necessary 
and important changes, which he made in them after 
their first formulation, have been consistently ignored 
and are never referred to in the papers or books of the 
last thirty years. Koenig always remembered that the 
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Fig. 3. The Grundempfindungen of Koenig and Dieterici (26). 
These curves were derived by Koenig and Dieterici by 
combining in various ways their Elementarempfin- 
dungen as given in Fig. 2. 


Grundempfindungen, as well as the excitation curves 
from which they are derived, represent nothing more 
than the data of color mixture. As such they were brilliant 
derivations because they showed that the color mixture 
equations given by the three main kinds of color blind 
eyes could each be described by means of only two of the 
three Grundempfindungen which the normal eye yields. 

It is quite true that color mixture is one of the most 
important characteristis—perhaps the most important 
characteristic of color vision. Nevertheless, it is not the 
only significant property of color vision. If the excitation 
curves or the Grundempfindungen are really a description 
of the spectral characters of the three physiological pri- 
maries of Thomas Young, they should furnish an ade- 
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quate theoretical basis for the other properties of color 
vision as well. Unfortunately, the Grundempfindungen f. 
have not served in this capacity. It is usually not recog- | 
nized that the Grundempfindungen were shown to be 
inadequate in this respect almost immediately after their 
formulation. This was done by Helmholtz!® in his treat- 
ment of Koenig’s data of hue discrimination. Other fail- 
ures have since become apparent. 

I believe that we can learn much from the closer exami- 
nation of these failures of the excitation curves. Their 
inadequacies may perhaps suggest some other specifica- 4 
tions for the three physiological primaries of ‘Thomas 
Young in terms of which one may describe not only the 
data of color mixtures, but of other properties of color 
vision as well. 


=a 


V. THE VISUAL ACUITY OF THE COLOR BLIND 


The inadequacy of the excitation curves as a descrip- 
tion of the three necessary receptors for a color theory 
first became evident to me in trying to understand certain 


results which we secured in measuring the visual acuity < 
of color blind people. Our reasons for undertaking the 
measurements were somewhat as follows. It has been > 


shown that the visual acuity of the eye is proportional 
to the number of cones which are functionally present in 
a unit area of the retina.!2* The tri-receptor idea assumes 
that there are three kinds of cones. Suppose for the 
moment that they occur in the ratio of 1:1:1. Thomas 
Young’s explanation of color blindness may then be con- 
sidered to mean that a red-blind or a green-blind person 
lacks one set of cones, the red or the green. Therefore a 
dichromat, since he possesses only two-thirds the normal 4 
quota of cones, should have a maximum visual acuity of 

only two-thirds normal. Moreover, because of the spectral i 
distribution of the excitation curves, the visual acuity of a 

dichromat should be low in the spectral region which 

corresponds to the lost set of cones, and should be nor- 


mal in the rest. 

Our measurements, h 
tion. In the first place, th 
viduals whom we tested s 


owever, showed no such condi- 
e red-blind and green-blind indi- 
howed in white light a maximal 
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visual acuity of the same magnitude as normal eyes. This 
by itself is not very serious. One may adopt an old idea 
of Fick,!° which was accepted to a certain extent both by 
Helmholtz and by Koenig, that a color blind does not 
really lose the function of one set of cones. What hap- 
pens rather is that the sensitive substance in the affected 
cones assumes the spectral characteristics of one of the 
other kinds of cones. If, for example, in a red-blind per- 
son the red-receiving cones should have their substance 
take on the spectral properties of the substance in the 
green-receiving cones, then such a person would still have 
the full quota of cones. But there would be a confusion 
of red and green, both of which would appear as yellow. 
This is because these lights would stimulate the red- 
receiving cones and the green-receiving cones to exactly 
the same extent. The impulses going up from these cones 
would, however, still register red and green, and since 
the impulses would be simultaneous and equal, the brain 
would synthesize yellow. Such a person would be color 
blind, but since he has the normal number of cones per 
unit retinal area, his visual acuity in white light would 
be of the same magnitude as that of the normal trichro- 
mat. Indeed, the fact that we found dichromats to possess 
a normal visual acuity in white light lends considerable 
support to Fick’s representation of the basis of color- 
blindness. } 

Our next findings, however, were much more disturb- 
ing, because while they further supported Fick’s idea, 
they were not understandable in terms of the notion that 
the excitation curves represent the three kinds of cones. 
Consideration of Fig. 2 shows that if the red curve, for 
example, dropped out, then the visual acuity should be 
much reduced in the red end of the spectrum, less so in 
the green part, and hardly at all in the blue region. We 
found, however, that whereas the visual acuity of a red- 
blind is really lower than normal in the red region of the 
spectrum, it is distinctly higher than normal in the oes 
regions. Obviously the red-receiving cones are not oe 
their spectral sensibility is merely changed to correspon 
with that of the green-receiving ones. But closer con- 
sideration of the data, as well as of the three excitation 
curves presents difficulties at once. Doubling the green 
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curve at the expense of the red curve will result in a loss 
of the red, an increase in the green, and hardly any 
‚change in the blue. Our measurements, however, showed 
only a slight rise above normal in the green, but a de- 
cided increase in the blue corresponding in size to about 
the loss in the red. 

If we try to explain this by supposing the red-receiving 
substance to take on the properties of the blue-receiving 
substance we are met with the fact that this does not 
correspond to the sensations of the color blind as given 
to us by monocular color-blind individuals. Moreover, we 
accentuate the paradoxical situation with which we had 
to deal in the last section with regard to the brightness of 


the spectrum. Suppose, for example, that the blue, green, + 
and red cones are present anatomically in the retina in 


the ratio of 1:1:1. Then as we saw before we would need 
1 blue to 75 green to 100 red cones to make white. If 
now in the case of a red-blind person the red cones as- 
sume the spectral sensibilities of the blue cones, then 
white light should call out 1 real blue cone, 75 green 
cones, and 1 red cone with the blue-receiving properties. 
And white light would then appear bluish-green to a red 
blind. We know this is not true from cases of people 
who are color blind in one eye only. Moreover, in such a 
case the total number of cones stimulated would be in 
the ratio of 77 for the color blind compared to 176 for 
a normal; and the visual acuity of a dichromat in white 
light should be less than half of normal. This we know 
not to be true; it is just like normal. 

If we take the other supposition that the cones are 
present anatomically in the ratio of 1 blue to 75 green to 
100 red, we are no better off. In the case of our dichro- 
mat, what would happen to the 100 red cones whose 
receiving substance has been changed from red to blue? 
There would be a large drop in visual acuity in the red 
as expected; but there would be a relatively enormous 
increase in the visual acuity in the blue. The matter may 
be put more effectively if we consider a case with just a 
trivial loss of red, say 10 per cent. The drop in visual 

acuity in the red would be insignificant; but the increase 
in the blue should be fantastically large. However, our 
eriments show that the decrease in visual acuity in the 
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red is just about compensated by the increase in the blue. 

If the excitation curves really described the properties 
of the physiological primaries which we have here spoken 
of as cones, then these various findings should be con- 
sistent and sensible. As it is they are as confusing as many 
other phenomena of color vision have been, and point to 
the fact that the excitation curves are not the correct 
description of anything else except color mixture data. 


Ix. A POSSIBLE HYPOTHESIS 


Let us suppose that there are present in the retina 
three kinds of cones; blue-receiving cones, green-receiving 
cones, and red-receiving cones. Let us further suppose 
that in the fovea they are present in approximately equal 
numbers. The spectral properties of these cones will be 
described presently. At first it is well to understand what 
we mean by the first assumption. We suppose that a 
given cone, possessing a photosensitive substance whose 
absorption is normally greater in the blue, or in the green, 
or in the red part of the spectrum, is joined to a nerve 
fiber which is so connected with the brain that whenever 
the photosensitive substance in the cone is changed by 
light and starts an impulse in the nerve, that nerve will 
register respectively blue or green or red in the brain. It 
means moreover that no matter what method may be 
used to start this impulse, no matter what the wave 
length of the light may be, indeed no matter what the 
photosensitive substance in the cone may be, an impulse 
travelling up a “blue” nerve will register blue in the 
brain, a “red” nerve red, and a “green” nerve green. 

The spectral characteristics of these three types 0) 
cones—practically their absorption spectra—are given in 
the curves in Fig. 7 and in detail in Table 1. It is ap- 
parent that these three curves are radically different from 
both the excitation curves of Fig. 2 and the Grundem- 
pfindungen of Koenig in Fig. 3. Since it is their quantita- 
tive properties which will be used to describe in i 
various phenomena of color vision it is impon ne to ar 
something about the origin and formulation of these ne\ 
primaries. Otherwise the matter will appea 
to be useful for further work and thought. 
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TABLE 1 


Primaries V, G, and R tentatively proposed as a description of the 
three receptors postulated by Young as a basis for color vision. 
V, G, and R add up directly to give Ives’ luminosity curve L. 


A Vv G R L 
410 2.5 1.4 0.1 4 
420 5.9 3.7 0.5 10 
430 9.9 6.1 2.0 18 
440 15.3 9.3 4.4 29 
450 21.5 12.8 7.7 42 
460 28.1 17.6 12.4 58 
470 38.7 29.5 21.8 90 
480 53.5 48.8 35.7 138 
490 75.0 78.5 58.6 212 
500 113.6 124.6 97.8 336 
510 144.6 175.4 160.1 480 
520 196.7 229.9 211.4 638 
530 248.9 284.3 262.9 796 
540 289.2 325.1 303.7 918 
550 313.9 348.4 329.8 992 
560 321.6 346.2 331.2 999 
570 310.2 325.6 317.2 953 
580 278.1 299.4 301.5 879 
590 234.0 256.3 267.7 758 
600 190.7 212.7 229.6 633 
610 146.9 161.4 181.7 490 
620 103.0 119.4 139.7 362 
630 69.4 81.7 99.0 250 
640 44.4 52.4 67.2 164 
650 26.5 30.3 43.2 100 
660 15.8 16.6 27.6 60 
670 9.9 10.0 19.1 39 
680 4.8 5.0 12.2 22 


Essentially they. were specially designed to account for 
precisely those properties of color vision which we have 
found to be impossible of description in terms of the exci- 
tation curves. Naturally, therefore, they had to include 
‘those properties of the excitation curves which are useful 
in the description of color mixture, and to a certain ex- 
ent of color blindness. Like the excitation curves, our 
timary curves have certain specific crossing points. The 
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ted and the green curves cross at about 575 my to account 
for yellow; the violet and the green curves cross at about 
490 mp; the violet and the red curves cross at about 
500 mp. These take care of certain complementary color 
equations, as well as of the neutral points of the three 
types of color blind individuals. Like the excitation curves 
they are equal in area; but unlike them, they add up very 
simply to give the visibility curve of the spectrum of 
white light. 
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Fig. 7. Spectral distribution of the primaries, V, G, and R- 
here tentatively proposed as a basis for a quantitative 
treatment of color vision. 


A study of the different properties of color vision shows 
that we may arrange them in a sort of hierarchy of mag- 
nitudes, each ascending magnitude being more restrictive 
than the other. If we accept the crossing points as stated 
above and demand that the areas of the curves be equal 
we can draw an infinite series of curves which will satisfy 
this demand. The excitation curves are just one of this- 
infinite variety. The primary curves in Fig. 7 are another. 
If we demand in addition that the three equal primary 
curves shall add up to give a normal visibility Sr a 
at once limit the positions of these curves, hout N X 
are still a large number of curves which will satisfy N 
added requirement. If we further restrict the shapes 0: 
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these curves with the demand that they yield the data of 

color mixture as adequately as the excitation curves do, 4 

it is apparent that the possible types of curves, though 

still large, are more reduced than before. From now on 

any additional demands that may be made of the pri- 

maries have a surprisingly restricting effect. For example, 

when the requirements of visual acuity are added the 

curves become so restricted that one may draw them free- 

hand to a first degree of approximation. Once these 

curves have been secured in this approximate way quanti- 

tative investigations may be begun on them to see how 

the various properties of color vision are derived from 

them, and how systematic changes in them yield different 

-quantitative relations. I do not wish to minimize the 

labor involved in such a procedure; it is pretty large. 

Nevertheless it is worth recording that once the relations 

between the different sets of data of color vision were 

mastered and understood, the first approximate primary 

curves were not difficult to draw, and were not very dis- 

similar from those given in Fig. 7. 

It is interesting to point out some peculiarities of these 

relations. For example, color mixture equations are not 

very different for different people, This is apparent from 

the extensive data of the past, but more particularly from 

the recent investigations of Wright shown in Fig. 4. On 

the other hand hue discrimination is a very delicate and 

distinctly individual affair. Steindler’s data show this well, 

as do the data of Laurens and Hamilton. It is important 

to remember such things when one tries to invent a set 

of primaries to account for the data of color vision, be- 

‚cause unfortunately, one has to use data from different 

individuals for the different functions. Individual differ- 

ences will thus not be very apparent in color mixture 

equations but will show up strikingly in hue discrimina- 

tion. Therefore in making the primaries it is well to 

satisfy the latter requirements first. 

Before proceeding to show how the three primaries 

drawn in Fig. 7 describe the various data of color vision, 
wep! wish to call attention to one minor point. You will 
notice that although I have previously spoken of blue 
“ones, the corresponding curve which I have presented 
Eig. 7 is marked violet rather than blue. This is be- 
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cause violet seems to act as a unit in equations of color 
mixing and in several other things as well. For the mo- 
ment, however, I wish to leave this paradox aside. I shall 
take it up later and show how it may be resolved. 


XIII. COLOR BLINDNESS 


Reference has already been made to color blindness, 
and before concluding this paper it is necessary to de- 
velop this aspect to a slight extent. It may as well be 
‘confessed that color-blindness is the subject that I have 
thought least about, and therefore it is in the least satis- 
factory condition. Nevertheless it is necessary to discuss 
the matter in order to point out the weak points as well 
as the strong ones. 

It has already been shown that we must extend the 
original notion of Thomas Young that color blindness 
means the simple loss or inactivity of one of the three 
kinds of receptors. This was apparent to Fick, as well as 
to Koenig and to others. What we know requires us to 
adopt the notion that in color blindness the spectral char- 
acteristics of one of the receptors is changed so that it 
becomes identical with one of the others. For example let 
us suppose that the photosensitive substance in the 
green-receiving cone becomes changed so that its absorp- 
tion spectrum (and probably its chemical constitution) 
becomes identical with that in the red-receiving concs. 
Under such circumstances the changed green-receiving 
cone and the red-receiving cone will be equally stimulated 
by any light. However, the rest of the mechanism remains 
undisturbed; that is, the “green” fiber will still cause a 
green sensation in the brain as before. Therefore there 
will be no way for such an eye to discriminate hues in the 
spectrum between about 550 mp and 700 mp, all this 
region appearing predominantly yellow. That this is true 
we know first from the reports of those peopl 7 
color blind in one eye and normal in the other; ani 
second from the studies on the hue discrimination O. 
color blinds by Steindler and by Laurens and Hamilton. 

foreover, since the heights of the V and the R curves 
are identical at about 490 mp, the cu 
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“green” substance, since it is like the “red” will also cross 
the V curve at the same spot. But, since the sensations 
produced will still be violet, green, and red in equal 
amounts the result will be a white sensation, or the 
neutral point in the spectrum of the green-blind. 

The same situation arises if the substance in the “red” 
cones take on the absorption spectrum and the photo- 
chemical properties of the substance in the “green” cones. 
The sensations produced by the spectrum will be pre- 
dominantly blue from about 400 to 500 my, and pre- 
dominantly yellow from 500 to 700 mp, with a white or 
neutral point at about 500 my. These neutral points will 
be the regions of greatest hue discrimination because of 
the great changes that the V curve on the one hand and 
both the G and R curves on the other show toward each 
other. An exactly analagous state of affairs would result 
if the substance in the blue-receiving cones were to be- 
come converted into either the “red” substance or the 
“green” substance. There would be a white spot, or 
neutral point at about 575 which would be the region of 
greatest hue change. The information about the hue dis- 
crimination and neutral points of color blind individuals 
is entirely consistent with these deductions. 

I am convinced, however, that color blindness cannot 
be completely described in such comparatively simple 
terms. What further ideas and limitations must be added 
it is not possible to say at this moment. But it is neces- 
sary to indicate where the weak spot is, so that further 
work and thought may be directed to it. It concerns the 
luminosity distribution of the spectrum for color blinds. 
We know from the excellent measurements of Brodhun® 
and others that the luminosity of the spectrum for the 
green blind, or deuteranope, does not differ significantly 
from the normal. Although adequate measurements are 
not available for the blue-blind or tritanope, it is probable 
that this type also has a practically normal distribution 
of brightness in the spectrum. Both these facts are readily 
understandable in terms of the V, G, and R curves. The 
curves are so similar that an exchange of one for another 
does not materially affect the luminosity distribution in 
the spectrum. Certainly it would be difficult to be sure 
of any such difference what with the large individual vari- 
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ations in the luminosity function and the relative uncer- 
tainty of heterochromic photometry. 

The case of the red-blind or protanope is strikingly 
different. It has been known for years,23 and the fact has 
been repeatedly verified,® that the luminosity distribution 
in the spectrum is very different for the protanope as 
compared with the normal or the deuteranope. The maxi- 
mum is shifted toward the short-wave end of the spec- 
trum. The luminosity is sharply depressed in the long- 
wave end, and it is correspondingly increased in the short- 
wave region. This is known relatively from the luminosity 
measurements themselves, and is corroborated by the 
enhanced visual acuity in the same region in proportion 
to its reduction in the long-wave end. The simple trans- 
formation of the R curve into the G curve, though it is 
in the right direction, is not adequate in magnitude. The 
resulting change in brightness is only about a fourth of 
what is necessary to describe the data obtained by 
Koenig,23 by Exner? and by others. 

I have been unable to suggest any additional changes 
which, when combined with the transformation of the 
“ted” substance into the “green,” would account for the 
singular character of the luminosity function of the red- 
blind, and at the same time remain consistent with all 
the other things that are known about color blindness. 
For example, the obvious suggestion that the V, Gand R 
curves be separated more than they are at present does 
not help matters. Their present separation is practically 
the maximum possible provided their areas are kept about 
equal. My judgment is that the V, G and R curves are 
already separated more than necessary. This is because I 
at first thought that their separation could be made to 
account for the red-blind luminosity. However, some 
other derivation will be required to adjust this difficulty, 
and I hope that one of the effects of the presentation of 
the ideas in this paper will be such a formulation by 
someone else. 
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V. This is because violet seems to act as a unitary thing 
in color mixture, and in hue discrimination, and I 
wished to stick as close to the data as possible. Neverthe- 
less, one cannot ignore the fact that blue, like vellow or 
red is a unique sensation, whereas violet is a color blend 
obviously compounded of blue and red. It is for this 
reason that I spoke in Section ıx of a bluereceiving 
cone rather than a violet-receiving cone. 

Koenig got out of this dilemma in the first construc- 
tion of his Grundempfindungen?® by calling the curve B 
and by assuming that the red sensation curve has a 
secondary maximum in the short wave part of the 
spectrum and crosses the green sensation curve in the 
same region. After his investigations with tritanopes or 
blue-blinds, Koenig?* abandoned this idea because this 
type of color blind showed only one neutral point, at 
575 mp, and failed to show a neutral point at the sup- 
posed crossing of the red and green curves in the violet 
end of the spectrum. He then chose his Grundem- 
pfindungen to be violet, green, and red, even though most 
people have ignored his later work and have quoted only 
his former. 

The argument from the blue-blind neutral point is 
perfectly valid and it is for this reason that I have also 
chosen V as the designation of the spectral distribution 
of one of the primaries. Curiously enough, the most 
recent study of a blue-blind person, unfortunately re- 
ported only in a very sketchy form,® established a neutral 
point in the violet end of the spectrum. If this turns out 
to be the real condition, then Koenig's first choice of a 
blue Grundempfindung and a secondary crossing of the 
red and green curves will have to be reconsidered. 

So far as the V, G, and R curves are concerned the 
situation is the same. At present the G and R curves 
cross but once. If the secondary neutral point of the 
tritanope becomes established, then it is a simple matter 
to make the G and R curves cross at about 420 my and 
to designate the third curve by B and not by V. No quan- 
titative relations of any size are changed by such a proce- 
dure because of the relatively trivial alterations required 
in the R and G curves to accomplish this. In the mean- 
ti e, however, one may keep the V, G, and R curves as 

if 
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they are. But that leaves us the dilemma of a V curve 
and a “blue” cone. 

It is not a very difficult dilemma to resolve, and I give 
one possible solution here more for its interest than for 
my belief in it. Let us assume that all normal people are 
very slightly red blind. Suppose that the photosensitive 
substance in a small fraction, say 10 percent, of the red- 
receiving cones takes on the spectral characters of the 
substance in the blue-receiving cones. Then any light 
which normally affects the blue cones more than the red 
or green cones will also affect these red cones with the 
blue substance in them. This will be particularly the case 
at the short wave end of the spectrum. But the sensation 
which results from the stimulation of the originally-red- 
but-now-blue cones is still red. The result of this will be a 
Constant association of a certain fraction of red sensation 


with the pure blue sensation, which gives the appearance — 


of violet. Thus though violet is a blend it will behave 


like a unit in color mixture and in other quantitative — 


aspects of color mixture. 

This idea is perhaps capable of an experimental test. 
f the number of red, green, and blue cones are about 
equal in the fovea, and some of the red cones have taken 


on the properties of the blue, then the area under the _ 


tesulting violet curve should be larger than that under 
cither the green or the red; and the area under the red 
Curve should be less than that under the green. Just how 
to ascertain this, I do not at present know. I, for one, 
hope that Dieter’s discovery? of a secondary neutral 


Point for blue-blinds is confirmed; that would facilitate — 


and simplify the whole situation because then one could 
have a B curve, and a crossing of the R and G curves. 


XV. FINAL CONSIDERATIONS 


Reduced to its bleakest terms, what I have presented 
Cre is a series of relationships between well-known data. 


ese data are often inadequate because they have been 


Secured by various observers whose color systems may be 
sufficiently different to obscure their relations. Therefore 


d 


á 


. 
4 
R 

? 


hope that no one will consider these ideas and compu- _ 


tations as a final statement. Indeed, the situation is pre- 
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cisely the reverse. Experiments are exciting in proportion 
to the ideas which determine their existence. Many 
measurements and many experiments must be made 
before we can understand color vision. My present paper 
is thus largely a program. It represents the general ideas 
which are orienting us in our laboratory in an attack on 
the theoretical structure of color vision. 

Thomas Young one hundred and thirty years ago 
suggested the original idea for a theory of the mechanism 
of color vision. We have seen that this original idea is 
adequate as a foundation on which to build a theory. 
What I have tried to show is that when this idea is made 
precise and quantitative, and when there is added to it 
the suggestions of other workers, like Helmholtz, Koenig, 
and Fick, it is possible to account accurately and ade- 
quately for many previously obscure and unrelated but 
very important phenomena of color vision. Thomas 
Young’s contribution to color vision is thus a beautiful 
leaf in the wreath of his scientific achievement. I hope 
that this leaf will continue to be green and vigorous for 
many years to come. 
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The Theory of Colour Vision 
Rozert A. Houston 


111. Let us state the conditions which a theory of 
colour vision must satisfy: 


(1) The sensation of light is mathematically a func- 
tion of three variables. All sensations can be 
produced by combining three stimuli. 

(2) Although the sensation is a function of three 
variables, it cannot be the sum of three separate 
sensations of brightness, as the preceding rea- 
soning shows. It seems reasonable to assume one 
sensation of brightness and two sensations of 
colour, or one sensation of colour and one sensa- 


tion of saturation. 
(3) The colours red and green and yellow and blue are — 


connected in pairs. This is required by the great _ 


body of tradition connected with Hering’s 
theory. 
(4) Yellow according to the psychologists is a funda- : 
g mental sensation. We cannot see the red and 
t, green in it. Here we are on less certain ground, 
- because for me spectrum violet has always been 
j a fundamental sensation, and the psychologists 
pi- appear to regard it as composite. But the case 
of yellow is, I think, beyond doubt. . 
(5) Anatomically there is no evidence for three photo- 
chemical substances or three nerve systems. But 
there are two nuclear layers and two reticular 


layers in the retina. 


This selection is from the book by Robert A. Houston, 
Vision and Colour Vision, New York: Longman’s, Green, and 
i 932, pp. 226-229; 231-232. $ 
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It is in this last condition that I think the solution lies. 
According to the usual view the nervous impulse origi- 
nates in the layer of the rods and cones, passes through 
the outer nuclear layer, crosses a synapse in the outer 
reticular layer, passes through the inner nuclear layer, and 
then crosses a synapse in the inner reticular layer. There 
are thus two synapses in the visual path. But as far as I 
can make out from inspection of the drawings and con- 
versation with workers in this field, it is impossible to 
trace the single fibres with certainty. An alternative inter- 
pretation is thus equally probable, namely, that there are 
two different kinds of visual path, those with a synapse 
in the outer reticular layer and those with a synapse in 
the inner reticular layer. The distance between the two 
layers is so small that a separate neurone seems hardly 
necessary to carry the impulse from the one to the other. 

I would suggest, with all the ignorance of a physicist, 
that the cells are arranged in two layers, so that the cones 
can pack closer. 

Let us assume that there are two different kinds of 
path. To satisfy the requirements of Hering’s theory we 
have to make a further assumption, namely, that after the 
synapse each path transmits only two kinds of impulse, 
Or in other words, there are red-green fibres which 
transmit either red or green, and blue-yellow fibres which 
transmit either blue or yellow. If R and P denote re- 
spectively the number of red-green fibres in the red and f 
green states and B and Y the number of blue-yellow fibres- 
in the blue and yellow states, since the number of fibres 
in each class is the same, % 


R+P=B+Y a 


As the four variables are connected by this relation, only 
three of them are independent. Thus the laws of colour 
mixing are satisfied. 

112. It will conduce to clear ideas if we trace the 
process from the start. Light of a certain frequency falls 
upon a photochemical substance, and electrons are 
ejected according to the equation of the quantum theory 


° 
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The velocity of the electron depends on the frequen y 
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the light and the number ejected on the intensity of the 
light. These electrons set up pulses in the cones. R. S. 
Lillie? has described a nerve model which imitates very 
closely the propagation of the pulses. If an iron wire is 
dipped into a strong solution of nitric acid, its surface 
becomes “passive,” i.e. becomes covered by a sheath of 
oxide which protects it from the further action of the 
acid. If the wire is then immersed in a weaker solution 
of the acid and its surface touched with a zinc rod, the 
sheath is destroyed at the point of contact, and a pulse 
characterized by effervescence travels rapidly along the 
wire. The shell reforms behind the pulse, and after a 
short interval of time the wire is in a condition to trans- 
mit another pulse. Now the time of recovery will depend 
to some extent on the velocity of the electrons, i.e. on the 
discharging potential. We think, therefore, of a train of 
pulses of variable frequency approaching the synapse 
from the cone, the frequency varying according to the 
colour of the incident light. 

Beyond the synapse there are only two possible fre- 
quencies, e.g. in the case of the red-green fibres the fibre 
must be either in the red or the green state, Perhaps the 
analogy of an organ pipe may be helpful. If we blow it 
gently, it sounds the fundamental; but if we blow harder, 
it gives the first harmonic. ‘ 

Thus the light process and the colour process are quite 
separate. One takes place in the layer of the rods and 
cones and the other in the reticular layers. If the light 
has a certain intensity, the same fibres are stimulated, no 
matter what is the colour. But the proportions existing 
in the different states depend on the colour. This picture 
may be speculative and fanciful, but I can think of no 
other in harmony with the facts. I use the symbol P to 
denote the number of fibres in the green state, Reh 
regard the sensation caused by this state to be peacock- 

r than green. 4 
iar Essien of Colour Blindness—Colour Dun, 
ness is due to an irregularity in the working of the 
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synapse. In the normal eye all the red-green nerves do not 
change from the one state to the other at exactly the 
same wavelength, but the transition points are spread 
over a region. In the case of the colour different, those 
who have a good but abnormal perception of colour, this 
region is displaced, usually towards the green. In the 
case of the colour weak, those who can match colours 
correctly but with an immense effort, this region is in the 
correct position but much wider than usual. Colour dif- 
ference and colour weakness usually occur together. The 
synapse is susceptible to the action of drugs: hence 
tobacco colour blindness. 

The deuteranopes are the colour blind who have a visi- 
bility curve which is high in the red and the protanopes 
those who have a visibility curve low in the red, but 
these differences in the visibility curve are due to normal 
variation, and are not connected with the difficulty in 
discriminating colour. Thus the classification into deuter- 
anopes and protanopes is an artificial one. This was the 
view of Hering, who considered that there was only one 
kind of red-green blindness, although he was not very 
decided about the matter. I feel, however, quite certain on 
this point. I admit, of course, that on the whole the litera- 
ture of the subject, particularly that due to physicists, 
shows a division of the cases into two classes, but I think 
observers have been subconsciously influenced by the 
Young-Helmholtz scheme into throwing away their transi- 
tional cases. In the Glasgow surveys we worked through 
a very large normal “population”; any one who showed 
abnormality was detained for investigation and cases who 
presented themselves from outside this population were 
carefully kept apart. Only in this way can certainty be 
attained; an investigator must not allow himself to be 
attracted by cases that are “interesting” or “good ob- 
servers.” Fig. 88 * shows that in a population of 500 
normal variation will allow sensibility to the red end of 
the spectrum to vary over a range of from one to twenty 
times. 


* (Not included in this excerpt) —Eds. 
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A Physiological Theory of 
Colour Perception 


RAGNAR GRANIT 


Neurophysiological Laboratory, Karolinska Institutet, 
Stockholm 


It is nowadays possible to record the discharge of the 
retinal elements directly by leading off to electrodes from 
more or less isolated fibres of the optic nerve. The elec- 
trical impulses following upon illumination are the 
physiological means of communication between the retina 
and the higher centres. They are amplified and led to an 
oscillograph for photographic recording and at the same 
time listened to in a loud-speaker. This is the technique 
for which the well-known work of Prof. E. D. Adrian 
and his collaborators originally laid a solid basis. For 
isolation of the fibres in the optic nerve a method of 
micro-dissection around the blind spot has been de- 
veloped by Hartlinet and a micro-electrode technique 
for picking up from the fibres inside the eye by Granit 
and Svaetichin.? The latter method is a great deal 
simpler and faster than the former, and for this reason 
it is the natural instrument for a rapid survey of the 
colour properties of a large number of single or grouped 
units in the response of the eye to illumination with 
spectral light of known energy content. Mammalian eyes 
can be studied with the micro-electrode as easily as eyes 
of the cold-blooded animals, to which the technique of 
micro-dissection is limited if it is to be used for analytical 
purposes. The animal is anaesthetized, cornea and lens re- 


This selection originally appeared in Nature, 151, 1943, pp- 


11-14. 
90 


hae 


RAGNAR GRANIT 91 


moved, and the micro-electrode inserted with the aid of a 
micro-manipulator under suitable optical magnification. 
Successful isolation, in mammals particularly easy to 
accomplish, leads to a discharge of spikes of impulses 
(Fig. 1). In different elements a response follows onset 
of illumination or both onset and cessation of illumina- 
tion, as first noted by Hartline! with the frog’s eye. In 
the latter and in some other eyes, there are also elements 
"which merely respond to cessation of illumination. But 
these different types of responses are of less interest in 
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Fig. 1. Impulses picked up by a micro-electrode placed on 
the nerve fibres inside the retina. Above each oscillo- 
gram isthe time record (50 per sec.) and light signal. 
l, “on-off’-element from photopic cat's retina re- 
sponding to light of wave-length 0.660. Somewhat above 
threshold. 2-4, “On”-element from scotopic retina of 
guinea pig responding to “white” light: 2, at strength 
0.006 m.c.; 3, at 0.018 m.c.; and 4, at 0.061 m.c. Note 
increasing frequency and shortening latent period, as 
stimulus intensity increases, 


this connexion because of the absence of any definite 
correlation between type of discharge and type of colour 
sensitivity, to judge by the work so far carried out. 

In order to analyse the colour sensitivity of such dis- 
charges, we proceed to measure the amount of energy 
necessary for eliciting a threshold response in the dif- 
ferent wave-lengths of the spectrum. If the element under 
the electrode has low sensitivity for light of a given wave- 
length, much energy is needed to elicit a discharge; if it 
has high sensitivity, little energy is required. Thus the 
inverse value of the energy necessary for a threshold 
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response in each wave-length is the ordinate (per cent of 
the maximum) plotted in the curves of Figs. 2 and 3, 
illustrating the spectral properties of the retinal receptors. 
I shall briefly direct attention to some results of general 
interest from work published during 1940-42 (Acta 
Physiologica Scandinavica; preliminary review, J. Amer. 
Opt. Soc., 31, 570 (1941) ). Since then the number of 
animals studied has been extended and principles have 
merged which in my opinion suggest a relatively simple 
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Fig. 2. Distribution of sensitivity of “dominator” element in 
the retina of frog (uninterrupted line) and snake “(line 
interrupted by dots). 


interpretation of some of the fundamental facts of colour 
vision, particularly of the differentiation of our sensations 
into the two categories of brightness (or luminosity) and 
colour. The principles discovered may also be of practical 
i nce. 

ah oily, the simpler structure is the dark-adapted 
eye with its rods fully charged with visual purple. We 
are familiar with the absorption curve of this substance. 
It was first accurately determined, with in every respect 
satisfactory and up-to-date technique, by the late R. J. 
uythgoe,? of University College, London. Our clectro- 
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physiological analysis of eyes of different animals in dark- 
adaptation has shown that a plot of the inverse value of 
the energy necessary for a threshold response reproduces 
the absorption curve for visual purple with perfect fidel- 
ity, provided that the curves are corrected for presenta- 
tion in terms of quantum intensity, a necessity first 
pointed out by Dartnall and Goodeve? in Nature. The 
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Fig. 3. Distribution of sensitivity of “modulator” elements 
from eyes of rat (dots), guinea pig (broken line), frog 
(line in full) and snake (line interrupted by circles). 
Note that all curves are in percentage of the maximum 
and that a number of ordinates on either side of 0.560 
u are drawn down to indicate “dominator” values. All 
poetic of equal quantum intensity in both Fig. 2 and 
Fig. 3. 


maximum of this absorption curve is around 0.5004. 
Visual purple also determines the luminosity curve of the 
dark-adapted human eye to the region of 0.56, (Purkinje 
shift) and the new curve obtained determines the dis- 
tribution of brightness in a spectrum strong enough to 
elicit sensations of colour (photopic spectrum). As is 


well known, the retina is then supposed to utilize cones 


as receptor elements. 


In light-adapted eyes of animals the simple spectral — 
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sensitivity curves recorded with the micro-clectrode tech- 
nique are of two types: (i) broad absorption bands, here 
called dominators; and (ii) narrow bands, here called 
modulators. The most interesting fact about the photopic 
dominator, apart from the width of the curve, is the 
localization of its maximum to the region around 0.560p, 
as shown in Fig. 2 for frog and snake (Tropidonotus), 
the latter a pure cone eye which need not be light- 
adapted to give this curve. The same dominator has been 
found in the eye of the cat. The dominator is lacking in 
the eyes of guinea pigs and rats. The form and spectral 
locus of the dominator is practically identical with the 
average curve obtained from massed receptors in the 
light-adapted eyes of the same species. In this sense the 
dominator may be called the carrier of the Purkinje shift. 
This and its good correspondence with respect to form 
and locus with the luminosity curve of the light-adapted 
human eye necessitate the conclusion that the dominator 
is responsible for the sensation of brightness, which thus 
is our dominant impression, coming, as it does, from the 
dominant receptor, dominant also in the sense that it is 
the most frequent one. 

How then is colour vision possible? Modulation of the 
dominant impression of brightness to colour would seem 
to be the task of the much rarer modulators which occup 
very natrow bands of sensitivity in three preferential re- 
gions around 0.580-0.600,,, 0.520-0.540, and 0.450- 
0.4701. These are shown in Fig. 3. In addition, there is 
also in some eyes (rat, guinea pig) a narrow band in the 
region of 0.500, which is the spectral locus of the maxi- 
mum of the absorption curve for visual purple. The rat 
has 1 per cent cones, the guinea pig still less, if any. It 
is an interesting fact that in these eyes, which lack 
dominator and Purkinje shift, light-adaptation does not 
completely remove the absorption curve for visual purple 
but changes it to a very much narrower curve of modula- 
tor type, still placed in the same region. Light-adapted 
rods in this case serve as cones. 

The most regularly recurring modulator in the different 
species studied has been the ‘ted’ one with maximum at 
0.600,. It has even been found in the eye of the rat, 
which lacks the dominator, but not in guinea pigs. In 
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the cone eye of the snake the ‘red’ modulator was gen- 
erally, though not always, connected to a ‘green’ hump at 
0.520, which sometimes was more, sometimes less, de- 
veloped. Its narrowness (see Fig. 3) suggested a ‘green’ 
modulator which, however, was never obtained in the 
isolated state in this animal. But in guinea pigs and frogs 
‘green’ modulators with maxima around 0.530, were seen. 
The ‘blue’ modulator was first found in the eye of the 
frog, then in the guinea pig. In both retinae it is quite 
‚common in the shape of a hump on other curves, but it is 
difficult to isolate. The frog, of all the animals studied, 
has the most complete set of modulators (cf. Fig. 3). As 
rods and cones may converge towards a common retinal 
ganglion cell (Polyak®), and as many other factors antag- 
onize isolation, it is clear that all attempts to interpret 
complex curves as well as to understand the nature of 
the sensory message as a whole must begin by empha- 
sizing the positive character of the evidence for the exist- 
ence of curves as simple as the modulators. Complex 
curves with several humps are, of course, common. 

The experiments with the cone-eye of the snake sug- 
gested that the dominator itself is composed of modula- 
tors joined together in such a fashion—either photo- 
chemically or by connexions in the retinal synapses—as to 
operate as a functional unit. However, this assumption 
though probable, is not essential to the theory based on 
the experiments. But it would explain why stimulation 
of all modulators together also causes an impression of 
white, and not of all colours confused. The modulators 
would in this case merely add to the effect of the domina- 
tor. Alternatively, the modulators could be coupled in 
antagonistic pairs which simultaneously neutralized each 
other at the retinal or some higher level. As a matter of 
fact, in eyes where both ‘red’ and ‘green’ modulators are 
present, they are very difficult to isolate from each other. 

But let us now see what kind of theory of colour vision 
would be a direct consequence of the experimental sub- 
division of the receptors into a great number of almost 
identical dominators and a smaller number of narrow 
modulators varying somewhat in shape, locus, sensitivity 
and number within three preferential spectral regions. 
No further assumptions will be introduced beyond the 
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original one, that the dominator stands for the dominant 
impression of brightness, and is modulated by the modu- 
lators so as to give the higher centres a cue for their 
integration of ‘colour.’ 


(1) The greater the distance in the spectrum from the 
centre of the dominator the darker the colour. Colours 
towards the ends of the visible spectrum must be dark by 
comparison with those near the top of the dominator. 
This we know to be true. 

(2) W. D. Wright® has shown that selective adapta- 
tion of the human eye to any colour causes chiefly a 
large general reduction of brightness and an insignificant 
selective effect on the fatiguing colour. This also is a 
direct consequence of a dominator for the perception of 
brightness. Classical theories would seem to require not 
only a much larger selective effect on the fatiguing colour 
but also a considerable shift of the luminosity curve. 

(3) As it is improbable that all receptors would be 
exactly the same threshold, a diminution of intensity 
should, on classical theories, lead to perception of 
coloured spots. Instead, we know that it leads to the 
spectrum becoming colourless, with the brightness dis- 
tribution of the dominator, as required by the presence 
of this most common receptor. 

(4) Similarly, a reduction of area of the visual object, 
which is known to lead to disappearance of its colour 
with maintained brightness distribution, must do so be- 
cause the ‘small’ stimulus merely has a chance of hitting 
upon the common dominators. 

(5) Colour-blindness need not, but can be possible 
without parallel change of the photopic luminosity curve. 
A colour-blindness of this type would be the common 
form of red-green blindness known as deuteranopia, 
to be interpreted as absence of the ‘red’ and ‘green’ 
modulators, with the remaining dominator alone giv- 
ing the normal luminosity curve. Without a separate 
structure for the perception of brightness as distinct 
from colour, no theory can ever hope to explain colour- 
blindness unaccompanied by considerable ‘luminosity 
blindness’ to light from the ‘blind’ region of the spec- 
trum. 
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Many of the animals studied represent different types 
of colour-blindness if considered from the point of view 
of the complete colour sense of man. The guinea pig 
probably comes very near the totally colour-blind, the cat 
near the deuteranope. The cat has the typical dominator 
but no definite ‘red’ modulator. The guinea pig, however, 
has a number of different modulators in the short wave- 
lengths and hence may be able to discriminate colours 
in this region. But it lacks dominator and Purkinje shift. 
The totally colour-blind human has a photopic lumi- 
nosity curve practically identical with the luminosity 
distribution of the normal dark-adapted eye dominated 
by visual purple. The guinea pig has the same scotopic 
and photopic sensitivity curve, slightly distorted by a 
hump in the blue in the photopic state. 

With the three preferential regions for the modulators, 
it is clear that this theory can do what the trichromatic 
theory does and also that it demonstrates the essential 
correctness of Thomas Young’s great generalization, al- 
though it is necessary to assume a greater or lesser num- 
ber of somewhat different modulators within these re- 
gions. The main crux of the trichromatic theory and, 
indeed, of any classical theory, is the lack of precision in 
the concepts accounting for the perception of white as a 
separate entity which, nevertheless, somehow is intimately 
connected with the perception of colour. The trichro- 
matic theory regards white as due to the summed effects 
of, chiefly, the ‘red’ and the ‘green’ sensitivity curves. 
This forces the theory to accept the consequence that 
removal of ‘red’ and/or ‘green’ should cause removal of 
the perception of luminosity in the same region of the 
spectrum. Hence there can be no colour-blindness with- 
out profound changes in the form and locus of the lumi- 
nosity curve. It is an admission of failure to have to ex- 
plain so important a phenomenon as deuteranopia by 
pushing it aside to be taken care of by the ‘higher 


centres.’ 


Many of the phenomena to which the trichromatic — 


theory has directed attention need not be discussed for 


the reason that my theory does not necessarily exclude | 


the explanations already available. Thus, for example, the 
fineness of colour discrimination in different regions of 
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the spectrum may be explained in the classical way, Or 
else by the assumption that the number of slightly dif- 
ferent modulators is particularly great in the regions 
where the maxima of colour discrimination are placed. 

In its present form the theory gives no explanation of 
contrast colour, though certain alternatives seem reason- 
able in view of the fact that different elements are so 
often coupled together and that the retina contains a 
large number of coupling synapses. If a certain percentage 
of the ‘red’ and ‘green’ modulators are coupled together 
in such a manner that both are forced to discharge when 
either is stimulated, the natural result to expect from 
the asymmetry caused by fatiguing either of them is that 
the other one should predominate in the neighboring 
region as well as in the off-effect. The experiments them- 
selves have not yet dealt with situations calculated to 
bring forth contrast phenomena. 


t is impossible in this brief review to deal with the 
available evidence concernin 


or about ten chromo- 
a, Goodeve and Lythgoe’). The 


‘ances may be due to changes in 
rier and chromophorea. 
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General Statement of the Theory 
Epwarp N. WILLMER 


In the human eye, rods and cones are quite certainly 
the significant receptor elements. There is no indication 
on structural grounds of the presence of more than one 
type of cone. On phylogenetic, embryological and func- 
tional grounds, the rods and the cones show themselves 
to be elements which have diverged along quite different 
lines, in a manner comparable with the divergence dis- 
played, for example, by the sympathetic and parasympa- 
thetic divisions of the autonomic nervous system. They 
form two distinct, and to some extent mutually antago- 
nistic, forms of receptor cells, each with its own spectral 
sensitivity. 

Dark-adaptation is probably to be regarded as a special- 
isation of the receptor cell which depends upon visual 
purple, namely, the rod. It is therefore not improbable 
that the rods function not only in dim light but also 
under conditions when colour vision is possible. It is 
suggested that there may be found to exist in the eye 
certain rods (here called non-adapting or day-rods) which, 
though they depend for their spectral sensitivity upon 
visual purple, have either never acquired, or have lost, 
the power of dark-adaptation. There is evidence that the 
spectral sensitivity of a dark-adapting rod under photopic 
conditions may not be the same as its sensitivity under 
scotopic conditions. The breakdown products of the ac- 
cumulated visual purple may be instrumental in deter- 


The following article is excerpted from Willmer’s book 
Retinal Structure and Colour Vision (Cambridge University 
Press, 1946, pp- 212-214, excerpted) in which the various parts 
of his theory are argued. Although this is the only full state- 
ment of his theory, it gives good coverage of his ideas. 
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mining this change. Dark-adapting rods and day-rods, 
therefore, may not have the same spectral sensitivities 
under daylight conditions. 

It is thus possible that among the actual receptor cells 
of the eye there are three clearly defined types. These 
would be (1) the cone, (2) the dark-adapting rod, and 
(3) the non-adapting or day-rod. Each would have its 
own spectral sensitivity, thereby fulfilling the essential 
condition for complete colour vision, namely, the pres- 
ence of at least three independent types of receptor, with 
distinct spectral sensitivities. Of these suggested receptors 
the day-rod is somewhat hypothetical, and, of course, it 
is not yet proved that the dark-adapting rod does actually 
function in daylight. Nevertheless, among other evidence 
for the existence of the day-rod, it may be mentioned 
that in the frog there is a definite class of rods which do 
not demonstrably possess visual purple. 

e primary receptor cells relay on to bipolar cells, and 
of these there are three fairly well 


are (1) the cone or midget bipolar, (2) the flat bipolar, 


and cones. 
t over the entire retina, in- 
ually been regarded 


ars connect primarily with 
tods, though they may make contact with the outer 


surface of cone pedicles. They are not present among the 
bipolar cells connecting with the fovea centralis 

_ The central fovea behaves as a diplodic system, that 
is to say, it seems to have only two independent receptor 
pathways. It is tritanopic, Histological evidence points to 
the existence of two pathways, Namely, via the midget 
bipolar and via the flat bipolar respectively. It is therefore 
suggested that the receptors in the fovea centralis are 
(1) the cones relaying by way of the midget bipolars and 
(2) the non-adapting or day-tods and cones relaying to- 
gether by way of the flat bipolars. The foveal centre can 
sce and appreciate all the spectral colours from violet to 
ted, though certain confusions will occur if the intensities 
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of the colours are varied: higher threshold intensities of 
blue and violet are required than elsewhere in the retina. 
Colour charts could therefore be constructed either in 
terms of the sensitivities of these two foveal receptors, or 
in terms of the responses given by the receptors. Such 
charts could be effectively used to describe the phe- 
nomena of colour mixing, saturation, hue discrimination, 
effects of changing the intensity of the light and of add- 
ing white light to spectral colours as well as various other 
phenomena, in so far as such things affect the fovea 
only, or, if the whole retina is used, are confined to the 
colour range of reds, yellows and greens in which the 
intervention by the third receptor is minimal. The charts, 
which are two-dimensional, of course break down to some 
extent when applied to the whole eye, because a third 
factor is operative in the blue region of the spectrum. 
The general properties of the charts, however, indicate 
that the two receptors whose activities they describe are 
probably the dominant elements in colour vision and the 
third factor or receptor, acts as a modifier, to stamp the 
particular sensations with unique properties rather than 
to determine new sensations. 

The third receptor, not present in the fovea, is diag- 
nosed as the ordinary dark-adapting rod relaying by way 
of the mop bipolar, and there are several reasons for be- 
lieving that it may be inhibited by the cones; its activities 
as a distinct type of receptor are almost confined to the 
blue end of the spectrum, though it may possibly become 
important again in the extreme red when the light in- 
tensity is such as to allow the rods to increase their sensi- 
tivity by means of the accumulation of visual purple. 

It thus seems theoretically possible to account for the 
phenomena of colour vision on the basis of physiologi- 
cally and histologically acceptable data, postulating only 
one element, instead of two, for which there is no direct 
evidence; even for this element there are good a priori 
grounds for believing that it may exist. The fundamental 
sensations can on this hypothesis be correlated with the 
activities of known structures in the eye, and the three — 
necessary pathways are provided to satisfy the demands 
of the century old Trichromatic Theory. 
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Recent Advances in Colour Vision 
H. Harrrince, F.R.S. 


SECTION 1 
INTRODUCTION 


Many theories of colour vision have been suggested 
from time to time. Most of them have received little sup- 
port, but two have been exceptions in this respect, 
namely, Young’s three-colour theory and Hering’s four- 
colour theory. The former is in apparent conformity with 
colour mixture and with colour deficiency data, while the 


According to Young’s theory human colour vision is 
provided by a tricolour unit. On the other hand, accord- 
ing to Hering’s theory it is provided by two units: a yel- 


two additional units just mentioned. 
Here then is an outline of the polychromatic theory. 
Polychromatic theories have been advanced by Wundt, 
by Edridge-Green, and in a modified form by Shaxby. 


This article originally appeared in Advancement of Science, 
Vol. 5, 1949-59, pp. 243-245; 251-253, 
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Granit’s modulators also form, in some animals, what 
amount to a polychromatic series. The polychromatic 
theory advanced by the author differs from all these in 
important respects, and it is not proposed to deal further 
with them here, but instead to describe briefly the cir- 
cumstances which lead to the development of this par- 
ticular theory. 

Until a few years ago experimental work appeared to 
support unequivocally the three-colour theory of Thomas 
Young. When the author first observed the change of 
yellow to pale grey or white, and of blue to dark grey or 
black, which play so essential a part in the antichromatic 
responses, he endeavoured, apparently with success, to 
account for them on this classic theory. But further facts 
then came to light incompatible with that theory. These 
facts were: (1) the change in the shape of the luminosity 
curve with reduction of light intensity, and the develop- 
ment of a notch (Sloan, 1928); (2) the corresponding 
change in the shape of the luminosity curve with reduc- 
tion of visual angle (Willmer and Wright, 1945); (3) 
the finding by the author (1947) of more fixation points 
in the fovea than three; (4) the finding by the author of 
more specific colours than three, as the result of applying 
microstimulation to the retina in the presence of suitable 
conditioning stimuli. These results, incompatible with 
the three-colour theory, led to a re-examination of the 
whole subject of colour perception. 

The outcome of that survey convinced the author that, 
under average conditions of lighting, adaptation and field 
size, the three-colour theory is a useful approximation so 
far as foveal vision is concerned. It is the truth but not 
the whole truth because it is not in accord with a large 
mass of evidence, much of which has been obtained 
recently, partly by using improvements on older methods, 
such as the mixture of spectral colours by means of the 
Wright spectroscope, and partly by the development of 
entirely new methods—for example, the Stiles and Craw- 
ford technique. But much older work was also found at 
variance with the three-colour theory. When all this evi- 
dence has been taken into account it would not be unfair 
to sum up by stating that there is hardly a single phase of 
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human colour vision which does not support a polychro- 
matic theory more strongly than it does one based only 
on three colours. 


SECTION 2 
THE POLYCHROMATIC THEORY 


The polychromatic theory postulates the existence of 
two subsidiary visual units in addition to the tricolour 
unit of Young’s theory. One of these, the Y-B unit, has 
receptors with response curves having crests in the yellow 
and in the blue parts of the spectrum. The other unit— 
the RBG-R unit, also comprises two types of receptors 
and these have response curves with crests in the red and 
in the bluegreen part of the spectrum, but the former 
haye in addition secondary curves in the extreme violet 
part of the spectrum. This fact is indicated by the dupli- 
cation of R in the title of the unit. 

When the fovea is being used in normal colour vision 
all three units are in action. When a more peripheral 
part of the retina is in use the Y-B unit alone provides 
colour vision. The fovea at very high light intensities also 
employs this unit alone, whereas at low intensities or 
small visual angles the R-BG-R unit functions alone. 
With white stimuli, all the constituent receptors of the 
functioning units receive adequate stimulation. When, 
on the other hand, the objects under examination are 
coloured, then the receptors which are stimulated are 
those which have response curves in the corresponding 
part or parts of the spectrum, and which belong to func- 
tioning units. The following example may make this 
clearer: suppose the ray incident on the retina to be red 
of 0.65y, then the stimulated receptors are the long wave- 
length receptor of the tricolour unit, the red receptor of 
the R-BG-R unit and the yellow receptor of the Y-B unit. 
If the ray which falls on the fovea is of medium light 
intensity all three units will be potentially in action and 
the sensation aroused by their combined actions will be 
a somewhat orange-red. 


At very high intensities, however, as stated above, the 


__ only active unit is the Y-B one, and in consequence the 


- sensation aroused by the stimulus of wavelength 0.654 
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will be yellow. At low intensities the only active unit is 
the R-BG-R one, and the sensation aroused will conse- 
quently be a purplish crimson, since this is the hue pro- 
duced by the activity of the red receptor of this unit 
which, as stated above, has response curves both in the 
red and in the violet parts of the spectrum. These theo- 
retical conclusions agree with experiment. 

These three units together comprise seven different 
types ot receptor and these have eight response curves, 


the spectral positions of which are indicated in Table 1. 
TABLE 1 
Position of Probable Wave- 


Receptor in the length of Crest of 
Response Curve 


Visual Unit Spectrum 

Tricolour Orange 0.610 
Tricolour Green 0.545 
Tricolour Indigo 0.450 
Y-B Yellow 0.575 
Y-B Blue 0.473 

Red and 0.670 
BEER ah: 0.360 
R-BG-R Bluegreen 0.495 


The wavelengths shown in the last column are approximate only. 


When white light falls on the retina it stimulates all 
Teceptors of active units. Thus at the fovea under medium 
light intensities all seven receptors will be active, at high 
intensities the yellow and the blue receptors only, at low 
intensities the red and the bluegreen receptors only. At 
the dichromatic zone of the periphery of the retina the 
yellow and the blue receptors are those which are stimu- 
lated, because the Y-B unit is the only one which is 
potentially active. This accounts for the large sizes of the 
yellow or blue fields in comparison with those of red an 
green. It is clear therefore that according to the present 
Polychromatic theory all seven types of receptor a w 
use only at medium light intensities at the fovea and the 
parafovea. At other intensities and in the periphery of the 


Tetina a simpler receptor arrangement is in use. As the 
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visual angle is reduced, first the Y-B unit becomes in- 
active, then the tricolour unit, finally leaving the R-BG-R 
unit alone in action. The author has produced evidence 
that these changes are not limited to the foveal centre 
but take place in all parts of the retina where all the 
three units are normally in action. 


SECTION 3 
HUE DISCRIMINATION 


It will be remembered that there are two classes of 
subject who are able to pass successfully the ordinary tests 
for colour blindness; these are the normal trichromats 
and the anomalous trichromats. The latter are subdivided 
into two classes according as they require more red or 
more green, than the normal sighted, in order that a red- 
green mixture shall match a given yellow. Those who 
Tequire more red and are therefore somewhat red-blind 
are called protanomalous, since they approximate to the 
completely red-blind or protanopic. Those who require 
more green and are therefore somewhat green-blind are 
called deuteranomalous, since they approximate to the 
deuteranopic subject. 

There are two varieties of protanomalous trichromat: 
a primitive type and a more advanced type. The hue dis- 
crimination curve of the former consists of two U-shaped 
parts, having troughs at about 0.49, and 0.594. To ac- 
count for this curve three types of receptor are required, 
namely: in the long, medium and short wave region of the 
spectrum. The hue discrimination curve of the better 


or a change of width, of the response curve of one of the 
three receptors mentioned above, does not bring about 
the improvement shown on comparing the curves. 

„he colour vision of the normal subject as found by 
Pitt and Wright (1934) shows improvement at about 
0.441 over that possessed by observer A, and there is a 
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second region of improvement near the orange part of 
the spectrum. To account for these improvements two 
additional types of receptors are required, in the blue 
and the yellow. Finally, some normal-sighted observers, 
such as Steindler (1906), Jones (1917), Laurens and 
Hamilton (1923), appear to have better hue discrimina- 
tion still, particularly in the red part of the spectrum. 
This calls for an additional type of receptor. 
Calculations of the hue discrimination curve of nor- 
mal-sighted subjects have been made by Helmholtz 
(1896), Judd (1932), Stiles (1946), and others, on the 
basis of the three-colour theory. These calculated curves 
are far from being identical in shape with the experi- 
mental curves obtained with normal-sighted, protanoma- 
lous (including Wright's observer A) and deuteranoma- 
lous observers, as should be the case, because according 
to the three-colour theory all these three classes are 
‘trichromats.’ Thus the three-colour theory fails to give 
a satisfactory account of the hue discrimination of these 
subjects. The polychromatic theory, on the other hand, 
postulates three types of receptor for the more primitive 
protanomalous subject, four types for the more advanced 
type, probably five types for the deuteranomalous and 
seven types for subjects with normal colour vision. 


SECTION 12 
SOME OTHER RECEPTOR ARRANGEMENTS 


When alternative hypotheses to the polychromatic 
theory were examined by the author particular attention 
was paid (a) to modifications of the three-colour theory; 
(b) to three-channel hypotheses. 

One modification of the three-colour theory has already 
been referred to in this address, namely, linking between 
the red and the green receptors at the fovea at high light 
intensities and at the periphery of the retina, and linking 
between the green and the blue receptors at the fovea at 
low light intensities and at small visual angles. Of all the 
modifications of the classical three-colour theory this 
seemed to the author to be the most promising. It fails, 
however, mainly for three reasons: (a) it gives no expla- 
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nation of the changes in shape of the luminosity curve; 
(b) it gives no adequate account of the differences of 
colour vision between the true trichromats, that is of 
subjects with normal sight, on the one hand, and between 
the protanomalous and the deuteranomalous on the other; 
(c) it does not comprise the necessary number of differ- 
ent types of receptor to comply with the requirements of 
the phases of vision referred to in sections 3, 4, 5, 8, 9 
and 11 of this communication; in consequence there is 
no alternative but to abandon this attractive hypothesis. 

Of the three-channel hypotheses one of the best known 
is that proposed by Granit himself soon after his dis- 
covery in the mammalian retina of modulator response 
curves, His suggestion was that the nerve pathways from 
the orange and the yellow modulators might converge 
on to a single channel, that the three green modulators 
might do the same, and similarly for the two blue ones. 
Thus there would be polychromatism in the retina but 
trichromatism in some part or parts of the nervous chan- 
nels between the receptors and the brain, and possibly 
in the brain itself. Le Gros Clark (1941), as the result 
of a histological survey of the external geniculate body of 
the monkey, has proposed that this structure forms a 
part of this triple channel. Now there can be little doubt 
that this hypothesis is in certain respects an improvement 
on the preceding one; thus the polychromatism of the 
retina offers an explanation of the retinal direction effects 
which depend on local conditions. It also accounts for 
the many different fixation points. Important facts which 
it cannot deal with are spectral mixture, hue discrimina- 
tion and the essential differences between the normal- 
sighted subject and the anomalous trichromat, all of 
whom must use the same three channels if this hypothe- 
sis is correct. But apart from these general criticisms 
there are some special ones, because Le Gros Clark has 
claimed that the periphery of the retina is dichromatic, 
with yellow and blue as primary colours. But this is only 
true at moderate intensities of illumination and ceases 
to be so if the light intensity be increased. He has also 
claimed that the fovea is dichromatic, with red and blue- 
green as primary colours. But in this case also the dichro- 
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this be increased. Lastly, the external geniculate body, if 
Le Gros Clark’s description be correct, contains no pro- 
vision for a channel connecting the rod receptors with 
the brain. If this does not pass through the external 
geniculate body, what course does it pursue? These are 


But a few of the difficulties which beset this three-chan- 
nel theory. 

Of four-colour theories the only one which need claim 
attention here is that originally proposed by Hering 
(1874), because it is representative of the others. The 
four most likely receptor types have response curves with 
crests in the red, the yellow, the bluegreen and the blue, 
but the red receptor also has a subsidiary response in the 
violet part of the spectrum; in consequence the best types 
of receptors comprise five response curves. Since the red 
and the bluegreen receptors are complemen’ary, and 
since the former also acts in the violet, they fo-m a unit 
which may be identified as the R-BG-R unit of the poly- 
chromatic theory. In the same way the yellow and blue 
receptors of Hering’s theory, since they are complemen- 
tary, may be identified as the Y-B unit of the polychro- 
matic theory. Thus Hering’s theory in a modern form 
may be regarded as similar to the polychromatic theory, 
from which the tricolour unit has been omitted. What 
then would be the disadvantages of doing this? For nor- 
mal foveal vision both units would be in operation. On 
reducing light intensity or visual angle the Y-B unit 
would drop out leaving the RBG-R unit alone in action. _ 
At high light intensities the Y-B unit would be the only 
effective one. The same unit would operate when there 
is dichromasy of the retinal periphery. Since these units 
comprise complementary pairs of receptors the constancy 
of white under all these conditions is satisfactorily ac- 
counted for. The varieties of colour blindness are not so 
readily explained. Protanopia might be due to the Y-B 
unit, and deuteranopia to linkage of the yellow and the 
red receptors to form a single receptor mechanism to- 
gether with the corresponding linkage of the bluegreen 
nd the blue receptors to form the second receptor 
mechanism. Protanomaly might be caused by linkage of 
the red and the yellow receptors, the green ones and the 
blue ones acting separately. Deuteranomaly might be 
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caused by linkage of the green and the blue, the red and 
the yellow receptors acting separately and so on. Where 
the four-colour theory fails most obviously is when it 
attempts to fit in with hue discrimination data. 

An examination of other theories leads to the final 
conclusion that only the polychromatic theory is in agree- 
ment with all the known facts, and that this must extend 
not only along the nervous channels which connect the 


' receptors to the brain but must also apply to the brain 
itself. 


SUMMARY 


Until a few years ago it was possible to account for 
nearly all the aspects of human colour perception on the 
basis of the three-colour theory, but such is no longer 
the case. This is largely due to improvements in the older 
methods of investigation and to the invention of new 
ones. Among the latter may be mentioned the micro- 
electrode technique of Granit and the retinal direction 
effect of Stiles and Crawford. Modern requirements are 
met by a polychromatic theory, comprising seven types of 
receptor, but there is no necessity for these to have such 
narrow spectral response curves as those exhibited by 
Granit’s modulators. Modifications of the three-colour 
and four-colour theories have been examined to sce to 
what extent they can be made to fit in with experimental 
results. Particular notice has been taken of the possibility 
that there is polychromatism of the retinal receptors but 
trichromatism of the nerve paths which connect these to 
the brain, or even to the brain itself, 

The conclusion arrived at is that there must be poly- 
chromatism throughout the entire visual mechanism for 


colour perception if a complete account is to be given of 
all the known facts. 
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An Opponent-Process Theory 


Lro M. Hurvicut ann Dororuea JamEsont 
Eastman Kodak Company 


The two major theoretical accounts of color vision are 
those classified as the Young-Helmholtz and the Hering 
types of theories. For many years the former has been 
judged by most workers in the field to provide the 
simplest explanation of the way in which light stimuli 
give rise to color sensations. The advantages that appear 
to favor the Young-Helmholtz three-component hypothe- 
sis are two: it is parsimonious, and its postulates are 
easily quantifiable and hence subject to precise experi- 
mental test. In its parsimonious and easily quantifiable 
form, the theory is simple: in addition to the rods which 
subserve twilight vision, the eye contains three kinds of 
cone photoreceptors; each type of cone contains a differ- 
ently selective photochemical substance; each is associ- 
ated with its own specific nerve fiber; and each cone- 
photochemical-nerve fiber system is correlated with one 
of the three specific “fundamental” color sensations, 
namely, red, green, and blue (or violet). All sensations 
are considered as compounded of varying amounts of 
these three excitatory systems, with white arising from 
equal and simultaneous excitation of all three, and yellow 
from equal red and green excitations. 

The Young-Helmholtz three-cone, three-nerve, three- 
sensation theory derives directly from the basic fact of 
color mixture, namely, that all visible hues can be 
matched by the mixture, in proper proportions, of only 
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three physical light stimuli. Based squarely on this fact, 
the theory is readily quantified in terms of the three 
measurable variables of color mixture experiments. But 
the three measured variables, it must be emphasized, are 
the three physical light stimuli used in the color mixture 
experiments; they are not the postulated three “funda- 
mental” color sensations, for with each different stimulus 
triad used for color matching a different and equally valid 

triad of color mixture functions is obtained. Conse- 
quently, throughout some hundred years since the origi- 
nal formulation of the idea, a continued series of attempts 
has been made to find the proper transformation of the 
three measured color-mixture curves that will bridge the 
gap and yield the unique spectral distribution curves of 
the desired physiological correlates of the three postulated 
“fundamental” color sensations. An infinity of such 
transformations is available for trial, and almost every 
serious adherent of the theory has proposed at least one 
new set of “fundamental sensation curves” (48, pp. 368- 
372). The search, however, continues, because serious 
defects have been found in every proposal made thus 
far. When the explanatory or predictive power of the 
theory in any given quantified form is tested it cannot 
handle more than a limited number of facts satisfactorily 
(11, p. 805). 

Moreover, some facts of color experience seem unas- 
similable into the framework of the simple Young-Helm- 
holtz theory with its three independent, fundamental, 
process-sensation systems. How can this system of three 
independent processes be made to account, for example, 
for the apparent linkages that seem to occur between 
specific pairs of colors as either the stimulus conditions 
or the conditions of the human observer are varied? Why 
should the red and green hues in the spectrum predomi- 
nate at low stimulus levels, and the yellow and blue hue 
components increase concomitantly as the spectrum is 
increased in luminance (43)? Why, as stimulus size is 
greatly decreased, should discrimination between yellow 
and blue hues become progressively worse than that be- 
tween red and green (4, 10)? Why should the hues drop 
out in pairs in instances of congenital color defect, or 


when the visual system is impaired by disease (29, 31)? 
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On the other hand, since the sensation of white is 
granted no special physiological process in this parsimoni- 
ous theory, but occurs as the fusion product of three 
equally large fundamental hue sensations, how account 
for the large degree of independence of white and chro- 
matic qualities when the adaptation of the visual system 
is varied (37, 41)? 

As more and more ad hoc hypotheses are added to the 
original Young-Helmholtz formulation in order to answer 
these and other problems forced by the increasing ac- 
cumulation of experimental data, we naturally find the 
formulation becoming less and less precise and quanti- 
fiable, and obviously less parsimonious. We also find, 
however, that exactly those phenomena that require 
modification and extension of the simple “three-color 
theory” remind us more and more of its chief theoretical 
rival, the Hering theory of three paired, opponent color 
processes. 

In view of t 
we take a close secon 


his situation, it seems highly desirable that 
d look at Hering’s alternative ap- 
proach to an understanding of color phenomena. The 
vast accumulation of psychophysical data for which any 
adequate theoretical proposal must account requires that 
the basic postulates of the theory, as outlined qualita- 
tively by Hering (13, 14), be restated in quantitative 
terms for such a critical scrutiny to be most meaningful. 
This paper will review our attempt to provide such a 
quantitative restatement, and will summarize briefly some 


of the critical comparisons between the theoretical deduc- 


tions and relevant psychophysical data. (Detailed quanti- 
22, 23, 25, 26, 27.) 


tative accounts are given in Al 


BASIC SCHEMA FOR THE HERING THEORY 


The Three Variables 


The Hering theory 
in that it, too, postu 
the basis for color visio 
three pairs of visual processes 
three pairs of unique sensory 
bers of each pair are opponen 


is like the Young-Helmholtz theory 
lates three independent variables as 
n, but the Hering variables are 
directly associated with 
qualities. The two mem- 
t, both in terms of the 
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opposite nature of the assumed physiological processes 
and in terms of the mutually exclusive sensory qualities. 
‘These paired and opponent visual qualities are yellow- 
blue, red-green, and white-black. 

The basic schema for the opponent-colors mechanism 
is shown diagrammatically in Fig. 1. The three paired 
opponent response systems are labeled y-b, r-g, and w-bk. 
The convention of positive and negative signs is used to 
indicate that each neural system is capable of two modes 
of response that are physiologically opponent in nature, 
and that the paired sensory qualities correlated with these 
opposed modes of response are also mutually opponent 


Neural responses 


Light mediating substance 


Fig. 1. Basic schema for Hering opponent-colors mechanism. 


or exclusive. That is, we may experience red-blues or 
green-blues but never yellow-blues, and we see yellow- 
greens or blue-greens, but never ted-greens, and so on, In 
the absence of any external visual stimulus, the state of 
the visual system is assumed to be a condition of active 
equilibrium, and this equilibrium condition is associated 
with the neutral, homeogenous “gray” sensation per- 
ceived after a long stay in complete darkness. This sensa- 
tion is quite different from the black experience of the 
white-black opponent pair. Blackness arises neither by 
direct light stimulation nor in the simple absence of light, 
but rather by way of either simultaneous or successive 


_ contrast during, or following, light stimulation of some 
i Part of the retina. 


ee ee P 


Leo M. Hurvich AND DOROTHEA JAMESON 117 


Properties of Paired Systems 


The three pairs of visual response processes are inde- 
pendent of each other; that is, they have different re- 
sponse thresholds, they follow different laws of increase 
with increase in strength of stimulation, and probably 
have different time constants. The achromatic system is 
the most sensitive; that is, the amount of photochemical 
absorption necessary to excite the achromatic white re- 
sponse is less than the amount of photochemical activity 
required to stimulate either the y-b or rg chromatic 
pairs. This characteristic accounts for the existence of 
the so-called achromatic interval, i.e., the fact that spec- 
tral lines appear achromatic at the absolute threshold for 
visibility (42, p. 167). Similarly, the red-green system 
has a lower threshold than the yellow-blue one. The 
failure of the yellow-blue system to respond at near- 
threshold levels that are sufficient to activate the red- 
green system exhibits itself in the facts of so-called “small 
field dichromasy,” in which the eye behaves, with respect 
to stimuli that are very small in area as well as of low 
intensity, in a manner similar to the congenital tritanope, 
ie. a specific type of “color blind” individual for whom 
yellow and blue discriminations are impossible and the 
only hues seen are reds and greens (4, 49). 

With increase in level of stimulation the different 
paired systems also show differences in rate of response 
increase, such that the achromatic response increase is 
probably the most rapid of the three, with the result that 
at very high intensities all spectral stimuli show a strong 
whitening, or desaturation, relative to their appearance 
at some intermediate luminance level (42, p- 168). Of 
the two chromatic pairs, the yellow-blue system, although 
exhibiting a higher threshold, shows a more rapid rate 
of increase in response with increase in luminance than 
does the red-green system. Thus, the mixed hues of the 
spectrum—the violets, blue-greens, yellow-greens, and 
ll vary systematically with increase in 


the oranges—a y 
spectral luminance, and all show a tendency to be more 


blue or yellow, respectively, at high luminances, and 
more red or green at the lower luminance levels (the 


Bezold-Brücke hue shift phenomenon). 
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The opponent systems show a tendency toward re- 
storing the balanced equilibrium condition associated 
with the neutral “gray” sensation. Thus excitation, say, 
of the r process in the r-g system results in a decrease 
with time in r responsiveness, and in an increase in the 
responsiveness of the opponent g process. If we think of 
the r process as perhaps associated with the building up 
of an electrical potential in the neural system, and of the 
8 process as associated with the collapse of the potential 
during impulse firing, then it is easy to see that as the 
neural potential is increased to higher valucs there will be 
a tendency to resist further build up, and also an in- 
creased disposition of the tissue toward impulse firing in 
order to restore the potential to its normal equilibrium 
value. Although we are not at all ready to ascribe a 
specific neural correlate of this sort to the postulated 
Opponent processes at this time, the neurophysiological 
parallels. are useful for conceptualizing the opponent- 
Process notion as a real biological phenomenon. 

To return to our example, if the responsiveness of the 
Opponent g process tends to increase as r excitation is 
continued, then when the r stimulus is removed we can 
expect g activity to be released, strongly at first, then 
more slowly, and ultimately fading out as equilibrium is 
again approached. The sensory correlate of this reversal of 
Opponent activities with removal of stimulation is, of 
course, the familiar phenomenon of the complementary 
after-image. If the stimulus (of constant magnitude) is 
not removed but continues to act for a considerable 
length of time, then the r process, whose responsiveness 
is being continuously decreased, will eventually cease to 
respond further, and a new equilibrium state will be 
reached. The disappearance of a sensory response with 
continued constant stimulation can be observed either 
by the Ganzfeld technique, in which the whole retina is 
uniformly illuminated by diffuse light (18), or by the 
“painted image” technique, in which optical means are 
used to fix a well defined image on the retina in such a 
way that its retinal position remains constant and inde- 
pendent of eye movements (39). By either method the 
eventual result of continued steady stimulation is a dis- 
appearance of the visual experience: the light seems to 
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have gone out in the Ganzfeld situation, or, in the fixed- 
image situation, the perceived object simply fades out of 
view. 

Not only are the visual responses modified by changes 
in time in the excitabilities of the opponent processes, 
but they are also importantly affected by spatial inter- 
action among the various elements of the visual field. 
Within certain limits there is evidence of summation of 
similar kinds of activity in adjacent elements, as in 
threshold responses for small stimulus areas (5, pp. 846- 
852). But perhaps more important for the over-all func- 
tioning of the visual system are the antagonistic interac- 
tions, such that r activity in one area induces g activity 
in adjacent areas, and similarly for the yellow-blue and 
white-black paired response systems. These opponent 
spatial induction effects are evident in all the familiar 
color and brightness contrast phenomena (35, pp. 138- 
142). They are probably also primarily responsible for 
the great visual-image clarity that characterizes vision in 
spite of the fact that the optical system of the eye is 
obviously imperfect, and that consequently the light 
image formed on the retinal surface lacks sharply defined 
boundaries (17, pp. 151-159). The spatial interaction 
causing intensification of opponent qualities at adjacent 
surfaces would seem an ideal crispening device to sharpen 
up the initially blurred retinal image. 


Photochemical Postulates 


In addition to the various temporal and spatial induc- 
tion effects, which are assumed to be based in the neural 
visual-response tissue, visual adaptation probably also in- 
volves changes in the photochemical activities that initi- 
ate the neural responses, since a certain amount of 
photochemical bleaching is expected to occur with con- 
tinued exposure of the photosensitive materials to a 
retinal light stimulus. In order for the three paired 
opponent-response systems to be selectively stimulated, 
there must, of course, be more than one substance avail- 
able for photochemical mediation between the incident 
light and the neural excitation. Whatever the specific 
nature of the photosensitive materials, they must form a 
link in the system of three independent variables, and 
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hence we have postulated three independent photosensi- 
tive materials, which we may call a, ß and y. 

Our schematic model now takes the form shown in 
Fig. 2A or 2B. The three independent photosensitive 


Neural responses 


Photochemical absorptions 


Neurol responses 


La 


L--- 1---1- - —- 1-- 
Photochemical absorptions 


y-b = k,(Bty-2a) 
r-g = ko(aty-28) 
w-bk= ks(aty+8)-k,(atBty) 
Fig. 2. Schematic diagram showing relations between photo- 


sensitive materials a, B, and y and neural opponent 
k response processes y-b, t-g, and w-bk. 
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materials may be contained in discrete retinal units with 
complex interconnections to the neural response systems, 
as shown in Fig. 2A, or two or more of these materials 
may be combined in receptor units having simpler con- 
nections to the neural response systems, as diagrammed 
in Fig. 2B. There is no way of differentiating these 
models in terms of visual behavior; and however the 
three photochemicals may be segregated or combined in 
the retina, and whatever the number of different photo- 
receptor units, there remain only three independent 
photosensitive materials, and the theory remains a three- 
variable, opponent-colors schema. 


QUANTIFICATION OF OPPONENTS THEORY 


Since our aim is to present this schema in quantitative 
terms, one of the first questions that has to be asked is 
this: Is it possible to obtain by psychophysical experiment 
direct measurements of the spectral distributions of the 
three basic response variables of the Hering theory? 


Measures of Achromatic and Chromatic Responses 
It can fairly be assumed that the achromatic, white 
response is closely connected with the distribution of the 


brightness quality throughout the visible spectrum, and 
Fig. 3 therefore shows two functions (which we have 
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Fig. 3. Whiteness distribution of an equal energy spectrum 
for two observers. 
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measured by a threshold technique) that give the white- 
ness distribution of an equal energy spectrum for two 
observers (20). The induced rather than directly stimu- 
lated black component of the achromatic white-black re- 
sponse pair has this same distribution, but of opposite 
sign, since the strength of the black contrast response is 
directly related to the magnitude of either the surround- 
ing or the preceding whiteness or brightness. 

A method for determining the spectral distributions of 
the paired chromatic Tesponses is implicit in the op- 
ponents theory itself. Since the two members of each hue 
pair are mutually opponent or exclusive, then a yellow 
response of given strength should be exactly canceled by 
a stimulus that, taken alone, elicits the same magnitude 
of blue response, and a similar relation should hold be- 
tween red and green responses. Thus a null method, 
based on the antagonism of the two members of each hue 
pair, can be used to measure the spectral distributions of 
the chromatic responses. In brief, a wave length is first 
selected that evokes, say, a blue hue response. The ob- 
server then views, in turn, a series of spectral wave 
lengths that appear yellowish in hue (yellow-greens, 
yellow, and yellow-reds). To each of these yellow stimuli 
Just enough of the previously selected blue stimulus is 
then added exactly to cancel the yellow hue without in- 
troducing any blueness. The observer simply reports when 
the test field appears neither yellow nor blue: the hue 
remainder that he sees may be green, neutral, or red, 
depending on the test wave length. Knowing the energies 
of the series of spectral yellow stimuli, and having de- 


of the yellow-blue pair; that is, varying amounts of a 
fixed wave length of yellow hue are used to cancel the 
blue hue quality of a series of “blue” test wave lengths. 
By using a red stimulus of fixed wave length and variable 
energy to cancel the greens, and a green stimulus to 
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cancel the reds, the spectral distribution of the red-green 
pair of chromatic responses is similarly determined. 

Two sets of paired chromatic response ys. wave length 
functions that were measured in this way (25), together 
with the achromatic spectral functions shown in Fig. 3, 
are plotted in Fig. 4 for an equal energy spectrum. The 
opponent members of each hue pair have been given 
arbitrary positive and negative designations, to correspond 
with their opponent characteristics. Thus the positive 
values of the red-green function indicate redness, and the 
negative values greenness. Similarly, the positive values 
of the yellow-blue function indicate yellowness, and the 
negative values blueness. 

These are the psychophysical functions that represent 
the spectral distributions of the three independent vari- 
ables of the Hering opponent-colors theory for these two 
observers. They are assumed to be directly correlated 
with the response activity of the visual nervous tissue 
(retina, optic nerve, and visual centers), and should not 
be taken as photochemical absorption spectra, about 
which these data tell us nothing. 


Color Anomalies and Color Blindness 


When we come to consider individuals who do not 
have normal color vision we find that their color vision 
can depart from the normal in two general ways. Their 
color perceptions may be distorted relative to the normal, 
or they may exhibit specific color weaknesses or losses. 
Also, they may show both types of these deviant charac- 
teristics at the same time. By distorted color perceptions 
we mean, for example, the perceptions of the particular 
type of anomalous individual who has the following char- 
acteristics: he sees a distinct orange in the spectral region 
described normally as pure yellow or nearly so; he needs 
three stimuli for color mixture; he makes color matches 
with high precision but uses quite different proportions 
of the mixture stimuli than does the normal observer. An 
individual of this type does not seem to have lost any of 
the efficiency of his neural visual response processes, and 
it seems reasonable to assume that his color distortions 
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Fig. 4A and 4B. Chromatic and achromatic response func- 
tions for equal energy spectrum for two observers. 
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have their basis in the photochemical complex responsi- 
ble for selective light absorption. 

The particular assumptions that we have made con- 
cerning the kinds of deviation that the photosensitive 
materials may exhibit stem from a generalization made by 
Dartnall (2), on the basis of his researches concerned 
with the identification of visual photopigments in a 
variety of lower organisms. Dartnall has found that when 
the absorption curves of the various visual pigments are 
plotted as a function of the vibration frequency of the 
incident light (the reciprocal of the more usual wave- 
length specification), all the absorption curves have very 
nearly the same shape, and they can be made to coincide 
simply by shifting the curves so that they all reach an 
absorption maximum at the same frequency. In other 
words, a single template representing amount of absorp- 
tion as ordinate, against frequency of radiant energy as 
abscissa, can be used to fit the absorption function of any 
visual pigment, whatever the locus of its absorption maxi- 
mum. It seems reasonable to expect that this same gen- 
eralization will apply to the photosensitive distributions 
of anomalous individuals with respect to the population 
of observers with normal color responses. We have conse- 
quently assumed that, in congenital abnormalities of the 
visual system, the normal photopigments can undergo 
changes that result in a uniform shift of the entire set of 
photosensitive distribution functions as a group along the 
frequency scale. These shifts are assumed to occur in 
either of two directions: toward higher frequencies 
(shorter wave lengths) resulting in the type of anomalous 
color vision identified as protanomaly, or toward lower 
frequencies (longer wave lengths) relative to the normal 
absorption loci, resulting in the second major type of 
anomalous color vision known as deuteranomaly. The 
amount of these displacements may also vary in different 
degrees of congenital anomaly. 

Since the absorption of light by the photosensitive 
materials provides the stimulus for the neural chromatic 
and achromatic response systems, the visual response 
functions thus controlled by the deviant photosensitive 
materials will necessarily be altered, too, and in a syste- 
matic manner. Examples of theoretically derived anoma- 
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lous response functions based on these assumptions are 
given in Fig. 13. The set of functions in the center block 
are those for the observer with normal photosensitive ma- 
terials; those in the upper block are for a protanomalous 
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Fig. 13. Theoretical chromatic and achromatic response func- 
tions for equal energy spectrum. For observers with 
protanomalous, normal, and deuteranomalous photo- 


receptor systems and with normal strength visual 
response processes. 


type whose visual pigment absorptions are assumed to be 
shifted toward the shorter wave lengths by an amount 
equal to about 15 my from the normal peak of about 550 
my. This type of individual will have a luminosity func- 
tion (described by the achromatic, white response func- 
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tion) that peaks at a shorter wave length than the normal 
and will show considerable loss of luminosity at the red 
end of the spectrum (48, Ch. 25). The spectral hues will 
also be altered, with a distinctly reddish yellow occurring 
where the normal individual sees a unique or pure yellow, 
whereas the protanomalous observer’s pure yellow occurs 
at a wave length described by the normal as quite green- 
ish. In making color matches, such as a match between 
589 mp on one side of a bipartite field and a mixture of 
530 mp and 670 my on the other, this observer will re- 
quire a much greater proportion of 670 mp in the mix- 
ture than will the average observer with normal color 
vision (27, 46). This particular match, the Rayleigh 
equation, is the earliest and best known diagnostic test 
for anomalous color vision. In this same test, the anoma- 
lous individual whose response functions are shown in 
the lower block in Fig. 13 will deviate from the normal 
in the opposite way; that is, he will require a much 
greater proportion of 530 my in the mixture for the 
Rayleigh equation (46). This type of anomalous indi- 
vidual (deuteranomalous) is assumed to have photopig- 
ment absorptions that are shifted toward the longer wave 
lengths, and he will see greenish-yellows where the nor- 
mal sees yellow, yellows where the normal sees orange, 
etc. Since the neural response processes of both types of 
anomalies of this sort are assumed to be operating at the 
normal efficiency, these individuals will show high pre- 
cision in making their distorted color matches, and their 
discriminatory capacities will also be good. As a matter 
of fact, anomalous individuals of this sort have under- 
standably high confidence in their own color capability, 
and they are extremely resistant toward accepting the 
results of diagnostic tests which indicate that their visual 
capacities are deviant from (with the implication of “in- 
ferior to”) those of the normal population (36, pp- 235- 
238). 

Nat all anomalous individuals are as fortunate as the 
types shown in Fig. 13, however. Many give evidence of 
real color weakness, in addition to distortions of the 
kinds already discussed (40). These color-weak individ- 
uals seem to have been deprived of some of the efficiency 
of the neural response processes, particularly of the red- 
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green opponent pair, and their systems may be repre- 
sented in terms of the theory by the kinds of response 
functions given as examples in Fig. 14. The visual pig- 
ments of these three types of individuals are taken to be 
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Fig. 14. Theoretical chromatic and achromatic response func- 


tions for equal energy spectrum. For observers with 
protanomalous, normal, and deuteranomalous photo- 


receptor systems, and with impaired red-green response 
processes, 


the same as those shown in the preceding figure, respec- 
tively, but the red-green paired system is reduced to one- 
tenth of the normal strength. Such observers have real 
losses in color discrimination in addition to possible 


color distortions, and their color matches are imprecise 
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as well as deviant. Individuals with congenitally abnormal 
color systems are frequently of this general type, and 
cases of acquired color blindness caused by degenerative 
disease invariably show this kind of color weakness at 
Gly stage in the development of the neural disorder 

When the weaknesses become extreme, whether in 
congenital or acquired disorders, the red-green system 
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Fig. 15. Theoretical chromatic and achromatic response func- 
tions for equal energy spectrum. For observers with 
nonfunctioning red-green response processes. 


seems to be entirely lost to normal function, and a con- 
dition of dichromasy, or so-called “color-blindness,” re- 
sults. That is, the visual system becomes a two-variable 
one, as shown in Fig. 15. Here the yellow-blue and the 
white-black neural systems remain intact and function- 
ing, but there is no red-green response function. If the 
red-green loss occurs without changes in the visual pig- 
ments, the remaining yellow-blue and white-black re- 
sponse functions are like those of the normal individual; 
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but, since there is no red-green system, the spectrum is 
divided into only two hue sections for these individuals. 
The short wave lengths which normally vary from violet 
through blue and blue-green to pure green all appear as 
blue, but of varying saturations, with a neutral region 
where the normal pure green occurs. Beyond this wave 
length the remainder of the spectrum appears yellow, in 
varying saturations, out to the extreme long-wave limit 
of visibility. The luminosity function is the same as for 
the observer with normal color vision. Individuals who fit 


this response pattern would be classified as deuteranopes 5 
(29). If the visual pigments are altered, so as to produce 
an absorption shift toward the short wave lengths in addi- £ 


tion to the complete red-green neural loss, then the 
spectrum is again divided into a short-wave blue and a 
long-wave yellow section, but the neutral region that 
divides the spectrum into the two major hues occurs at a 
shorter wave length than for the deuteranopes. The 
luminosity function is also displaced in this type of 
dichromasy, as it is for the anomalous individuals with 
similar photopigment changes, and the type of “color- 
blind” vision associated with this pattern is called pro- $ 
tanopia (29). 

These two theoretically assumed kinds of deviation 
from the normal system—i.e., photopigment changes and 
neural losses or weaknesses of the paired red-green re- 
sponse system—permit us to assemble a systematic pic- 1 
ture of the many various manifestations of abnormal red- 
green vision that defy understanding in terms of any 
model of the visual system that assumes a one-to-one 
correspondence between light absorption in the retinal 
receptors and the resulting color sensations (22, 27). 

Defects or losses may also occur in the yellow-blue 
neural response system, although such defects seem to be 
much more rare than the red-green defects. Again, these 
yellow-blue neural losses may take place either with or 
without changes in the photosensitive materials in the } 
retina. Examples of the remaining red-green and white- 
black response functions in two types of yellow-blue 
blindness are given in Fig. 16. In each type of this dis- 
order, the yellow-blue neural response function is miss- 
ing, and the total gamut of colors for these individuals 
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includes only neutral and reds and greens of various 
saturations. If there is no simultaneous photopigment 
disorder, there are two neutral points in the spectrum, 
one in the region where the normal sees a pure yellow, 
and another in the region where the normal sees a pure 
blue. Yellow-blue blindness of this sort is called tetar- 
tanopia, and only a few cases of it have been reported in 
the literature (e.g., 34, pp. 68-92). Slightly more common 
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Fig. 16. Theoretical chromatic and achromatic response func- 
tions for equal energy spectrum. For observers with 
nonfunctioning yellow-blue response processes. 


is the second type of yellow-blue blindness, known as 
tritanopia (49), in which not only the neural yellow-blue 
system is lost, but also the short-wave photopigment 
seems to be missing. Observers of this type have a neutral 
point in the normally yellow-green region of the spec- 
trum, but there is no second neutral point, and the green 
hues extend into the short-wave region that appears violet 
to the person with normal color vision. _ , $ 
For all these types of deviant color vision, calculation 
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from the theoretical spectral response functions of dis- 
crimination curves, color mixture equations, and other 
psychophysical relations are in good agreement with the 
experimental data that are available for the various kinds 
of defective color systems (22, 27). 


Opponents-Theory and Neurophysiology 


The conceptual model for the opponent-colors theory 
as originally presented by Hering drew its sharpest criti- 
cism on the grounds of being bad physiology. Some of 
this criticism was based on an erroncous interpretation of 
Hering’s views, an interpretation that incorrectly assigned 
the opponent processes to the photochemical activities in 
the retinal cells. Hering’s own concept of mutually op- 
ponent neural processes, each capable of being activated 
by external stimulation, was also, however, far ahead of 
the knowledge of neurophysiology at the time it was pro- 
posed (16). But this concept now turns out to be per- 
ectly consistent with the picture of neural function that 
is only just recently beginning to build up from electro- 
physiological studies of the visual neural apparatus. 

It has become clear that nerves do not simply respond 
or fail to respond when a stimulus is presented to the ap- 
propriate end-organ. Rather, they may respond accord- 
ing to any of a number of quite specific patterns. For ex- 
ample, a nerve fiber may (a) discharge at the onset of 
stimulation and subsequently gradually become quiet; 
(b) discharge at both onset and cessation of stimulation 
with a quiet period in between; or (c) cease any spon- 
taneous activity when first stimulated and during con- 
tinued stimulation, but respond with a burst of electrical 
impulses when the stimulus ceases to act (7). The on- 
and off-phases of discharge are mutually inhibitory proc- 
esses, they are associated with slow electrical potentials 
of opposite sign, and they cancel each other when the 
experimental conditions are so manipulated as to cause 
both on- and off-discharges to impinge simultaneously on 
the same ganglion cell (6). In Granit’s opinion (6), the 
evidence from electrophysiology provides a “belated vindi- 
cation of Hering’s view” that the visual system is charac- 
terized by mutually opponent neural processes. 

The concept of mutual interaction among the various 
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elements of the physiological field is also basic to the 
theory and is critical to an understanding of both areal 
effects and simultaneous contrast phenomena. Here again, 
we find the researches in electrophysiology indicating that 
individual nerve elements never act independently, and: 
that visual function must be thought of in terms of the 
integrated action of all the units of the neural visual sys-- 
tem (8). Hartline (9) has found that, even in the very 
simple Limulus eye, the discharge of impulses in any one 
optic nerve fiber depends not only upon the stimulus to 
the specific receptor unit from which that fiber arises but 
also upon the stimulation over the entire population of 
mutually interacting elements. Both excitatory and in- 
hibitory interactions of the sort to be expected by theory 
have actually been demonstrated in the neural responses 
of the vertebrate visual system by Hartline (8), Kufer 
(32), and Granit (6). . 

The way in which the postulated three independent 
systems of paired opponent processes (y-b, T-8, w-bk) are 
differentiated neurally is still a matter for conjecture. 
Hering thought it was a matter of process specificity, 
but- was willing to use the concept of material, or struc- 
tural, specificity, which he guessed would be more readily 
comprehended by most interested readers of his views at 
the time. Our own theoretical preference at this time 1s 
the conjecture that a particular color quality is more 
probably determined by a particular state of the nervous 
tissue than by activity of a particular structural element 
in the nervous network. Thus, we would be inclined to 
look for a difference between yellow-blue vs. red-green 
processes, rather than toward isolation of yellow-blue or 
red-green fibers or nerve cells. 


SUMMARY 


This paper has presented a summary of our progress to 
date EA a quantitative formulation for me 
Hering opponent-colors theory, and in relating the posts 
lated visual mechanism to specific problems of oly 
sensation, color mixture and color discrimination; to me 
dependence of these functions on the physical Year es 
of both stimulus wave length and energy level; to their 
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further dependence on adapting and surround stimula- 
tion; and to the changes in these functions that occur in 
various kinds of abnormal color vision. It is our conclu- 
sion that the opponent-colors theory serves as a fruitful 
working hypothesis by bringing a systematic coherence to 
the mass of isolated color phenomena that have been 
‘reported and subjected to quantitative experiment 
throughout the years. The physiological concepts basic 
to the theory are also shown to be consistent with recent 
findings in neurophysiology. 
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Color Defect and Color Theory 


C. H. Granam anp Yun Hs 
Columbia University 


Different color theories differ greatly in matters of 
detail, but in one thing they are in agreement: the data 
of color vision cannot be accounted for in terms of the 
actions of a single set of receptors or processes with 
homogeneous characteristics. Rather the facts probably 
require the postulation of three or more sets of elemen- 
tary mechanisms, the interactions of which provide the 
data of various discriminations of color. Thus, the Young- 
Helmholtz theory (1, 2) presumes the existence of three 
groups of receptors with different absorption character- 
istics, while the Hering theory (3, 4) postulates the 
existence of three pairs of antagonistic processes in the 
neural pathways of the visual system. Other theories 
make use of other devices to account for the phenomena 
of color. 

Theoretical discussions of color vision have, since the 
time of Young, been influenced to a great extent by 
considerations of color blindness. It is interesting that 
Young, at the time he put forward his account of color 
in the Bakerian lecture for 1801, discussed the important 
theoretical role of color blindness despite the fact that 
reliable knowledge of that subject had been in existence 
for less than a quarter of a century (5). The reason for 
the theoretical importance of color blindness is not far 
to seek. In its simplest form, as exemplified in Young’s 
ideas, one can think of a specific form of color deficiency 


This article originally appeared in Science, 1958, Vol. 127, 
No. 3300, pp. 675-682. Reprinted by permission of the Ameri- 
can Association for the Advancement of Science. 
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as representing the loss of one of the fundamental proc- 
esses from the total set that exists in normal vision. Since 
on this basis the eye of the color-blind can be thought 
of as essentially a reduced system, involving fewer than 
the normal number of fundamental processes, it might 
be expected that one could evaluate the missing process 
by comparing the color discriminations of a normal and 
color-blind eye. We shall see that such an expectation 
has, at best, some but certainly not complete support in 
what is known of the facts of color blindness. 

Types of color blindness. There are several kinds of 
colorblind individuals classifiable in relation to normal 
subjects and to each other on the basis of their perform- 
ances in different test situations. 

Normal individuals are called trichromats. They can 
achieve a match between two mixtures of lights if one 
of the mixtures is a combination of a spectral color and 
a single color from a given unchanging set of three, called 
primaries, while the other mixture consists of the two 
remaining primaries. Conventionally, it is said that any 
spectral color can be matched by a mixture of three 
primaries, one of the primaries (the one mixed with the 
spectral color) having a negative value assigned to it. It 
is by reason of the match involving three primaries that 
persons with normal color vision are called trichromats. 

Dichromats constitute a major class of color-blind indi- 
viduals. Individuals of this group can establish a match 
between two mixtures that involve a spectral color and 
two primaries. Most dichromats are red-green blind; they 
“confuse” red, yellow, and green. The general class © 
dichromats may be subdivided into at least three types. 
The first class is the protanope whose sensitivity to wave- 
lengths in the red end of the spectrum is greatly reduced. 
Another class is the deuteranope whose sensitivity is 
not deficient in the red. Protanopes and Ge 
match a yellow to any amounts of red or er a 
give an appropriate matching brightness (er Ye bike 
A third type of dichromat, the tritanope, contus 
and green (6). 

Nothing wii be said in what follows about ues 
mats, individuals who can match all wavelen a Si ht 
spectrum against any other wavelength or a white lig 
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by the proper adjustment of luminance, nor shall we 
elaborate on the functions of anomalous trichromats, 
people who, despite the fact that they confuse parts of 
the spectrum, still need three primaries to match a single 
wavelength. 

The present experiments. This paper (7) is concerned 
with the visual functions of protanopes and deuteranopes, 
especially deuteranopes. It deals in particular with two 
theoretically important problems: (i) How is brightness 
sensitivity distributed in the spectrum for protanopes and 
deuteranopes? (ii) What colors do such persons see? On 
the basis of the experimental data, some proposals are 
made bearing on the nature of color function generally 
and dichromatism specifically (8). 


LUMINOSITY CURVES OF DICHROMATIC 
AND NORMAL SUBJECTS 


The luminosity curve shows how the sensitivity of the 
eye varies for various wavelengths. Sensitivity (or lumi- 
nosity) is measured in terms of the reciprocal of the 
energy required, for example, to produce threshold. Figure 
1 shows the luminosity curve for the normal subject as 
well as the curve for the protanope and deuteranope (9). 
Sensitivity for the foveal cones of the normal subject is 
low in the blue, at a maximum in the yellow-green, and 
low again in the red. 

The curves, as drawn by Hecht and Hsia (10), show 
the data of Pitt (11) for dichromats and Gibson and 
Tyndall (12) for normal subjects. The figure shows that, 
compared with normal luminosity, the curve for the 
protanope seems to be displaced toward the blue, whereas 
the deuteranope’s curve is displaced a little toward the 
red. 

It has classically been considered that protanopes show 
a loss of sensitivity in the red part of the spectrum. It is 
not so certain, however, that deuteranopes show a de- 
Crease in sensitivity in any part of the spectrum. 

The curves in Fig. 1 are drawn in the traditional way 
of considering each luminosity function by itself and by 
placing the point of maximum luminosity for each at 
100 percent. It will be shown that this method of repre- 
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Fig. 1. Pitt's curves (11) for protanopes and deuteranopes and 
the data of Gibson and Tyndall (12) for normal sub- 
jects. The curves as drawn are from Hecht and Hsia 


(10). 


senting data provides a difficulty, for it does not tell us 
whether the sensitivities at the 100-percent values differ 
in absolute value. For example, one can ask: Does the 
100-percent value for the protanope refer to the same 
energy value as the 100-percent value for the normal 
subject? Arguments based upon comparisons of curves 
that demonstrate arbitrarily set maxima are certainly not 
conclusive. Specifically, the question arises whether the 
curves of Fig. 1 really have the same height in energy 
ordinates, and if not, what their relative heights are. This 
is the question with which we are now concerned. 

_ If color blindness is assumed to represent the loss or 
inactivation of one of three receptor systems, then the 
loss of a receptor system should show itself in some loss 
of brightness in the spectrum as seen by the color-blind. 
One might expect, for example, each curve for a color- 
blind subject (Fig. 1) to have a lower maximum than 
the curve for normal subjects. Abney (13) drew such 
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lowered luminosity curves for color-blind subjects. How- 
ever, his reduced curves were not found from measure- 
ments but were formulated in terms of theory. Such 
reduced curves have only been presented once as the 
result of experimental research: by Hecht and Hsia (10) 
eleven years ago. 

Because of the need for more information on this 
general question, we decided to investigate the relative 
heights of the three curves shown in Fig. 1 by measuring 
the actual energy thresholds of color-blind- and normal 
subjects in different parts of the spectrum. The idea is to 
determine for a green portion of the spectrum the light 
energy required at the foveal threshold of normal persons 
and of color-blind persons, and to do this for different 
parts of the spectrum. ‘ 

Selection of subjects. The testing of our subjects in- 
volved the usual “screening” tests for color-blindness, the 
Ishihara and Stilling plates in particular, as well as the 
determination of the luminances of red and green re- 
quired to match a yellow on the Hecht-Shlaer (14, 15) 
anomaloscope. In addition, determinations were made, in 
the case of the protanopes and deuteranopes, of the 
neutral point in the spectrum—that is, the narrow wave- 
length band that dichromats see as white. (Normal sub- 
jects never see spectral white.) The determinations of the 
neutral point were made with a modified Helmholtz color 
mixer (Hecht and Shlaer, 14). Our final experimental 
groups included seven normal subjects, five protanopes, 
and six deuteranopes. The subjects numbered 16 men 
and 2 women between the ages of 20 and 35 years. (Both 
of the women had normal vision.) 

Apparatus and procedure. Stimulating energies of light 
were obtained by means of a double monochromator 
calibrated for radiant flux. The wavelength, energy, dura- 
tion, and retinal position of the stimulus could be con- 
trolled. Observations involved finding the energy threshold 
for the foveal cones for many narrow wavelength bands 
throughout the spectrum. Exposure time of each stimulus 
flash was 4 milliseconds. 

At the beginning of each session, the subject became 
dark adapted for 10 minutes, a sufficient time for the 
cones to gain full sensitivity. Then the spectral lights 


C. H. Granam anD Yun Hsıa 143 


were presented to him and he indicated whether or not 
he saw the light. 

Results on normal subjects. Figure 2 gives the average 
log sensitivity curves for the seven normal subjects, the 
five protanopes, and the six deuteranopes. 

The basic data of these curves are relative energies 
required for the cones to respond to the spectral lights 
at the absolute threshold; the logarithms of the recip- 
rocals of these values (that is, log sensitivity values) are 
here plotted. j 
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“humps” in the blue and in the orange of the normal 
Curve, near 450 and 610 my. Presumably they are associ- 
ated with the positions of curves representing the funda- 
mental processes. 

Results on protanopes. The average luminosity curve 
for five protanopes is given in the same figure. It is to 
be observed that the average curve for protanopes indi- 
cates a greatly increased energy requirement in the red 
end of the spectrum. In the blue, the energy requirement 
for protanopes is similar to that for normals. 

Results on deuteranopes. Most writers on color blind- 
ness have not accepted the possibility that deuteranopes 
exhibit a loss of luminosity as contrasted with normals. 

= Hecht and Hsia, on the basis of some determinations, 
= maintained that a loss does occur, but their findings have 
= met with considerable resistance, particularly by Walls 
and Mathews (17). Our experiment seems to demon- 
strate that deuteranopes usually do, in fact, lose lumi- 
= nosity, Five of our six cases demonstrate a loss. 

The average log luminosity given by our deuteranopes 
is shown in Fig. 2. The luminosity for the deuteranope 
in the green and blue is less than the corresponding 
luminosity values for the normal. In the red, the values 
are comparable. According to our data, then, deuter- 
anopes show a loss of luminosity in the green and blue. 

General result. In general, one can say that the normal 
curve in this figure is a broad function that encompasses 
the extremes of the color-blind curves. The protanope 
has normal luminosity in the blue but shows loss in the 
ted; the deuteranope shows normality in the red but a 
loss in the green. 

Discussion. Interpretations of the data for color-blind 
individuals have been predominantly made in a context 
of trichromatic theory, developed from Young’s notion 
that there are three receptor systems in the retina. These 
systems may be designated B, G, and R to indicate their 
properties of yielding blue, green, and red processes when 
they are brought into action by light. The discriminations 
produced by various parts of the spectrum result from 
the combined action of the three systems in different 
degrees. Thus the combined actions of the G and R 
system result in the seeing of yellow, while seeing white 
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represents the combined actions of B, G and R. The 
action of the receptors contributes brightness as well as 
color, and luminance matches show the property of 
additivity. 

Young supposed that the usual dichromatic forms of 
color blindness are due to the loss of one of the three 
receptor systems. Since Young's time this interpretation 
has usually been accepted in the case of protanopes: 
protanopes are presumed to have lost the R receptors. 

| Because the evidence did not seem to support an inter- 
| pretation of loss for the deuteranope, another sort of 
account was required for this type of color defective. 
| This account has entailed the idea of a “transformation” 
system, as described independently by Leber (18) and 
Fick (19). One might think of the transformation system 
as representing a failure of the R and G receptors to be- 
come differentiated from one another during develop- 
ment. In any case, the R and G receptors are presumed 
i to be similar insofar as absorption goes, but they have 
I different central connections. The result is that red stimu- 
! lates both the central R and G systems. On this basis it 
would be expected that all long wavelengths would be 
called yellow by the deuteranopic subject. Leber and 
Fick’s idea has seemed to be in line with data on subjects 
who were reported to be normal in one eye and deuter- 
anopic in the other. Classically, such cases have reported 
that they see yellow in the long wavelengths. 

Hecht and Hsia concluded on the basis of their experi- 
ment that Young’s idea of a loss system was supported by 
their results. However, they were not clear about how the 
loss notion could account for the color-naming responses | 
attributed to unilateral deuteranopes and protanopes- 

N The reasons for the problem are clear. How could yellow, 
if it is a mixture of red and green, be reported in the 
absence of either red or green receptors? 
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left eye and normal discriminations with her tight eye. 

It would be difficult to exaggerate the importance of 
data obtained on unilaterally color-blind subjects. No 
ordinary color-blind subject can tell us how the colors he 
sees compare with those seen by a normal subject, but 
this is precisely what a unilaterally color-blind subject can 
do. He can make a direct comparison of colors seen by 
his color-blind and normal eyes. 

Judd (20) reports that 37 cases of unilateral color 
blindness are described in the literature, only eight of 
which have provided data of value to a scientific analysis. 
The last of these studies was one by Sloan and Wollach 
(21) in 1948. [See also a recent historical note by Berger 

22). 


Our subject’s first test results seemed to indicate that 
she was deuteranopic, and so we began our experiments 
with the expectation that we should gain crucial informa- 
tion on the relation between deuteranopic luminosity loss 
and color naming. As our observations multiplied, we 
found that our subject did not give completely typical 
deuteranopic responses (23), particularly in hue discrimi- 
nation. However, it seems clear that she is more nearly 
classifiable as a deuteranope than as any other type of 
color-blind individual, and we believe that her results 
have a particular bearing on deuteranopia. 

Luminosity curves. The luminosity curves (24) of our 
subject are shown in Fig. 3. The luminosity curves for 
her two eyes differ in luminosity values in the blue and 
green regions of the spectrum. Contrasted with her nor- 
mal eye, the luminosity of her colorblind eye shows 
considerable loss. In the red end of the spectrum both 
eyes have about the same sensitivity. It is possible that, 
as contrasted with the ordinary deuteranope, our subject’s 
luminosity loss is greater and begins at wavelengths farther 
into the red than is usual. In any case, she shows a 
considerable loss in the green and blue for her color- 
blind eye as compared with her normal eye. 

Flicker curves. We have believed it important to find 
out whether or not the types of luminosity loss that occur 
at threshold for our subject are maintained at high in- 
tensity levels. In order to investigate this problem we, 
together with Eda Berger (25), have measured flicker 
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Fig. 3. Luminosity curves of a unilaterally color-blind subject. 


i ye; the 
The upper curve is the curve for the normal eye; t 
lower one, the curve for the color-blind eye. Data of 


Graham and Hsia (24). 
pctuency thresholds at various luminances of different 
colors. 

A considerable number of curves in the normal and 
color-blind eye were obtained with a number of color 
filters, but the general nature of the result can be a 
strated by a comparison of curves for spectral regions ate 
a trichromatic person sees as blue, green, and red. 

ata are shown in Fig. 4. 

The curves for blue light are shown at the top of ue 
graph. In both the normal and color-blind eye, critica 
flicker frequency increases with intensity, the eaves 
curves flattening out and then probably dropping na 
luminance values. The positions of the two curves T 4 
however. The curve for the color-blind eye 18 displace 
downward on the flicker axis compared with the eee 
of the curve for the normal eye. The downward coe E 
ment is reminiscent of the effect of decreasing t flicker- 
hence the total number of excited pa of a fli 
ing stimulus (Granit and Harper, =): 

The en the lower left-hand gun. ae kr 
data for green light. The displacement ot m rve for 
the color-blind eye below the position of the cu 
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Fig. 4. Critical flicker frequency as a function of luminance 
for wavelengths in three different regions of the spec- 
trum. In each graph the open circles refer to data for 
the normal eye, the filled circles to data for the color- 
blind eye. Data of Berger, Graham and Hsia (in prep- 
aration). 


the normal eye is striking. In magnitude it is considerably 
more than was shown for blue light. In general, the 
displacement means that, at any given intensity, fusion 
frequency is higher in the normal eye than in the color- 
blind eye in a manner comparable to an area effect. The 
latter statement may be especially significant, for it 
means that, if critical frequency represents activated re- 
ceptor units, then the type of color blindness represented 
by our subject is attributable to the loss of green recep- 
tors and possibly of some blue receptors also. 

The story for red light is different: the same curve 
represents the data for the color-blind eye and the normal 
eye. No increased intensity requirement or fusion fre- 
quency loss for the color-blind eye is discernible in these 
data. No luminosity loss exists for red, even at the high 
intensities giving rise to critical frequencies near the 
maximum. 

The results of the present investigation point to the 
conclusion that the type of color blindness represented 
by our subject may be characterized as a loss or inactiva- 
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tion of some of the receptor mechanisms that mediate 
sensitivity in the green and blue portions of the spec- 
trum. Furthermore, the data show that the selective 
luminosity loss for our subject is not a phenomenon that 
exists only at cone threshold levels. 

Binocular color matching. Our experiments as dis- 
cussed up to the present seem to indicate that the color- 
blind eye of our subject, like the eyes of deuteranopes 
generally, shows a maximum of luminosity loss in the 
green region of the spectrum. What data does our sub- 
ject give us on binocular color matches involving her 
normal and dichromatic eye? What colors does she see 
in her color-blind eye? 

The apparatus used in the experiment on binocular 
color matching was essentially a mirror stereoscope ar- 
ranged so as to provide slits of color in the left and right 
eyes, a vertical slit in the left eye and a horizontal slit in 
the right eye. The subject regarded the essentially mono- 
chromatic color given by the vertical slit in her dichro- 
matic eye and simultaneously observed, in the binocular 
field, the monochromatic color provided by the horizontal 
slit in her normal eye. The subject reported that, under 
her conditions of viewing, the horizontal and vertical slits 
seemed almost to touch at the middle of the latter but 
did not ordinarily overlap. Wavelengths stimulating the 
normal eye could be changed until a. monochromatic 
band was obtained that, in the opinion of the subject, 
matched the color seen by the dichromatic eye. — 

The results of the experiment are summarized in Fig. 
5. In general, it seems that, in her dichromatic eye, the 
subject matches all wavelengths greater than her neutral 
point (which occurs at about 502 my.) against a wave- 
length in the normal eye lying at about 570 my. In a 
word, all wavelengths greater than 502 mp in the sichten 
matic eye are scen as a yellow of about 570 my in tl F 
normal eye. Wavelengths shorter than the neutral poin 
in the dichromatic eye are matched in the normal ge 
by a blue at about 470 mp. Thus the two sides of the 
spectrum below and above the neutral point are S 
respectively, as a blue equivalent to about HO y anı a 
yellow equivalent to about 570 mp in the trichroma 
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Fig. 5. Results of the experiment on binocular color matching. 
The wavelengths seen by the color-blind eye (left 
scale) are matched by the indicated wavelengths in 
the normal eye (right scale). 


eye (27). These results are in accord with the data of 
several earlier experiments on unilaterally color-blind sub- 
jects as summarized by Judd (20). 

Hue discrimination. Hue discrimination curves show 
how the just noticeable difference in wavelength, AA, 
varies with wavelength. Such data were obtained on our 
unilaterally color-blind subject by means of a modified 
Helmholtz color mixer (14). Careful attention was paid 
to making appropriate intensity adjustments so that all 
wavelength discriminations were obtained at the same 
‚constant level of luminance throughout the spectrum. 
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A curve was obtained on each eye of our subject. The 
curves are presented in Fig. 6. 

In general, the curve for the normal eye does not seem 
to be greatly different from the usual hue discrimination 
curve obtained on normal individuals (28). The poorest 
discrimination, as shown by the largest AA, takes place 
in the red. Minima occur in the middle range of wave- 
lengths; and our subject shows especially low thresholds. 
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Fig. 6. The hue discrimination of a unilaterally color-blind’ 
subject. The open circles refer to data for the normal 
eye; the filled circles, to data for the color-blind eye. 


in this range. It is quite clear that the normal eye of our 
subject does not show defective hue discrimination. 
The curve for the left eye, the color-blind eye, is an 
entirely different function. In the violet the curve shows 
some insensitivity to wavelength change, but near 450 
my. it shows a great rise in AA, indicating very poor hue 
discrimination. Discrimination improves to a minimum 
threshold value near 500 my, in the region of the neutral 
point; thereafter AA rises to very high values near 600 
mp. The behavior of hue discrimination in the spectral 
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region from 500 to 750 my is similar to that found in 
the usual deuteranope (11, 28). 

: Color mixture. The final set of results given by our 
subject are her data on color mixture (29). One way of 
specifying the data of color mixture is in terms of the 
richromatic coefficients. Any color, including a spectral 
color, can be specified in terms of three numbers. Since 
the numbers add to unity, the position of a color on 
a two-dimensional grid, the chromaticity diagram, is 
uniquely specified when two of the coefficients are known. 
Each trichromatic coefficient represents the percentage 
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Fig. 7. The upper curve gives the trichromatic coefficients for 
the normal eye of our unilaterally color-blind subject. 
The dashed line represents Wright's data (28,31). 
The lower curve gives the dichromatic coefficients for 
the color-blind eye of the same subject. The dashed 
lines represent Pitt's data (11) for deuteranopes. 
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contribution of one of three primaries in providing a 
match for a given color. A plot of the trichromatic coeffi- 
cients against wavelength results in a graph of the sort 
shown in the upper graph of Fig. 7. In this graph the 
three ordinate values at each wavelength value represent 
the amounts of the three primaries as percentages of the 
unit color (more exactly, chromaticity) of the wave- 
length. 

__ The curves of the upper figure are the data for our sub- 
ject’s normal eye (30). In these curves, a negative tri- 
chromatic coefficient means simply that a particular 
primary is combined with the test wavelength to match 
the two remaining primaries. The curves are to be con- 
trasted with Wright’s well-known results (28, 31), on 
ten normal eyes as represented by the dashed lines. 

Our primaries are the same as Wright's: 460, 530, and 
for the red and green primaries have 
been so specified that they‘are taken to be equal at 
582.5 mp, while the green and blue primaries are equal 
for the match at 494 mp. Our color-blind subject’s nor- 
mal eye gives, except for minor differences, the same sort 
of color mixture data as are represented in Wright’s data. 
In addition, it can be stated that the relative luminance 
values of the primaries for matches at 582.5 and 494 my 
are comparable to those reported by Wright. 

The data for our subject's colorblind eye, shown at the 
bottom of Fig. 7, are entirely different from the data for 
the normal eye. The graph shows that our subject can 
match any wayelength of the spectrum with a combina- 
tion of two primaries, 460 and 650 mp (the units being 
taken as equal at 494 my). The dashed line represents 
Pitt’s data (11) on the color mixture of deuteranopes. 

The open and solid circles indicate two different types 
of result that were obtained in the short wavelength 
region depending on the method used. (i) If the subject 
matched a given short wavelength by a mixture of the 
two primaries, 460 and 650 mp, then the results are as 
given by the solid-circle curves. They show that, as wave- 
Tength decreases below 460 mp, more and more of the 
red primary must be added to the blue primary to make 
a match. In a word, the colors at the blue end of the 
spectrum become less and less saturated as they approach 
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410 my. (ii) If mixtures were performed by Pitts 
method, in which the test light is mixed with the red 
primary to match the mixture of red and blue primaries, 
the result is different, as is shown by the open circles. 
This result is much closer to Pitt’s data than are our own 
results, even though our subject did not show the small 
degree of negative red exhibited by Pitt’s subjects. It 
should be pointed out that our first method gives results 
that seem to be in line with our data on hue discrimina- 
tion. (It will be remembered that our subject’s dichro- 
matic eye gave good hue discrimination thresholds in the 
short wavelength region of the spectrum.) 


DISCUSSION 


Consider now the significance of some of our data. 

First, the data on color mixture demonstrate that our 
unilaterally color-blind subject has normal vision in her 
trichromatic eye and dichromatic vision in her color-blind 
eye. This finding means that we possess a degree of speci- 
fication that was often lacking in early experiments on 
unilateral color blindness. We are surer of the status of 
our subject than were most of our predecessors. The 
results given by our subject on hue discrimination show 
the usual low thresholds characteristic of the normal eye 
and the high thresholds of the dichromatic eye, except, 
for the latter, in the blue region below 450 my, where 
discrimination is better than the usual deuteranope’s. 

Some important results on both our unilaterally dichro- 
matic subject and our groups of color-blind individuals 
demonstrate the existence of luminosity losses in dichro- 
matic vision. Our finding with respect to our group of 
protanopes is the usual one: protanopes lose luminosity 
in the red region of the spectrum. Our observations on a 
small population of deuteranopes as contrasted with nor- 
mal subjects give results that are in line with some re- 
ported by Hecht and Hsia (10): five of our six deuter- 
anopes show a loss of luminosity in the green-to-blue 
region of the spectrum. 

A well-marked luminosity loss (over the spectral range 
from about 400 to 625 mp) is shown by the dichromatic 
eye of our unilaterally color-blind subject. In the red 
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region of the spectrum both of her eyes show comparable 
luminosity values, but in the green and blue, her color- 
blind eye shows a marked luminosity loss. The subject 
shows clear evidence of a luminosity loss over the spectral 
range from about 625 to about 450 my. i 

These results mean that luminosity loss is not only 
the usual finding for protanopes; it also exists in deu- 
teranopes. 

The second main result of our experiment concerns 
the findings on binocular color matches as given by our 
unilaterally color-blind subject. It has been demonstrated 
that her color-blind eye sees two hues: blue below the 
neutral point at about 502 my and yellow above it. As 
shown by binocular color matches, the blue she sees is 
equivalent, in her normal eye, to a wavelength of about 
470 mp; the yellow, to about 570 mp. 

How can these two sets of results, the one on lumi- 
nosity loss and the one on binocular color matching, be 
reconciled within a coherent account? 

What will now be presented is a statement that may 
have some of the advantages of the Fick-Leber hypothesis 
in accounting for the seeing of blue and yellow in the 
spectrum by protanopes and deuteranopes. It is hoped 
that the description can give a possible explanation of 
how luminosity losses can also occur in line with a trans- 
formation or “collapse” system, thereby removing what 
has been a shortcoming of such an account. 

Let it be supposed that in deuteranopia, for example, 
the R fundamental curve in the upper graph of Fig. 8 
(the presumed sensitivity curve for the R receptors) 
moves toward the short-wave part of the spectrum, with 
of course a change in sensitivity brought about by virtue 
of the transformed absorption materials. The new curve 
can be called R’. At the same time, the green funda- 
mental curve G moves toward the red and becomes G’. 
(The blue fundamental curve will be disregarded in what 
follows.) ; 

The curves in their new positions, meet certain require- 
ments. (i) Spectral brightnesses due to R’ and G’ must be 
in the same ratio at all wavelengths in order to give 
yellow. (The ratio shown in Fig. 8 is taken to be unity— 
that is, the R’ and G’ curves are superimposed.) A wave- 


156 Coror Derecr AnD Coror THEORY 


100 


o IE 


Relative luminosity 


Deuteranopes 


a 
O 


A 
ke} 


20 


LH 
400 500 600 700 
Wavelength -my. 


Fig. 8. Theoretical curves. The upper graph represents the 
transformation of the R and G curves (to superimposed 
R’ and G’ curves) to provide for the seeing of yellow 
by a dichromat who shows no luminosity loss. The 


lower graph represents the effect, for protanopes 
and deuteranopes of luminosity losses. 


length that stimulates the now identical R’ and G’ sub- 
stances gives yellow, for although both fundamental proc- 
esses haye the same absorption spectrum, they are con- 
nected centrally with the usual R and G mechanisms. 
(ti) The spectral brightnesses of R’ and G’ add to give 
normal sensitivities. The dichromat represented by the 
latter requirements shows no luminosity loss. (We have 


already stated that one of our deuteranopes could be so 


described.) 
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Any sensitivity loss can now be introduced, as in the 
lower graph of Fig. 8, by assuming a curve for deuter- 
anopes (or protanopes for that matter) that lies beneath 
the normal sensitivity curve as shown in the lower graph 
of the figure. The sensitivity losses in this figure were 
computed on the basis of the group data for protanopes 
and deuteranopes given in Fig. 2. 

The lower curves of Fig. 8 do two of the things we 
want them to do: (i) They account for the seeing of 
yellow by dichromats in the long-wave region of the 
spectrum, in a manner not unlike simple Fick-Leber 
theory (18, 19). (ii) They provide for the existence 
of luminosity losses in the eyes of both deuteranopes 
and protanopes. The implications of the account should 
probably be tested in further observations. Its main 
merit now lies in the extent to which it approxi- 
mates a useful statement of how trichromatic theory can 
account for luminosity losses and the manner of seeing 
spectral colors by deuteranopes and protanopes. 


SUMMARY 


It is important to find answers to two questions con- 
cerning the visual discriminations of dichromatic persons, 
especially deuteranopes: (i) Do such persons show a loss 
of sensitivity to various wavelengths of the spectrum as 
compared with normal subjects? (ii) What colors do 
they see? 

A number of experiments were performed on the first 
question. 

First, luminosity curves were determined on three 
groups of subjects, consisting respectively of five pro- 
tanopes, six deuteranopes, and seven normal individuals. 
As compared with normal subjects, protanopes show a 
loss of luminosity in the red, whereas deuteranopes show 
a loss in the blue-to-green region of the spectrum (See 
10). 
EM we examined the luminosity curves of a sub- 
ject whose right eye is classifiable (on the basis of color- 
mixture determinatians) as normal and whose left eye is 
classifiable as dichromatic. (The hue discrimination curve 
for her dichromatic eye seemed comparable to the curve 
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of the usual deuteranope except in the violet, where it 
manifested relatively good discrimination.) The lumi- 
nosity function for this subject’s dichromatic eye, deter- 
mined by data on threshold and flicker, exhibits the same 
type of luminosity loss in the blue and green regions of 
the spectrum as was shown by our group of six deuter- 
anopes. 

Only unilaterally dichromatic subjects can tell us how 
colors seen by a dichromatic eye appear to a normal eye. 
In the color-blind eye, our unilaterally dichromatic sub- 
ject sees wavelengths below and above her neutral 
(“grey”) point (which occurs at 502 mu) as, respec- 
tively, a blue equivalent to about 470 mp and a yellow 
equivalent to about 570 my in her normal eye. 

The results on (i) luminosity loss and (ii) the seeing 
of wavelengths above 502 mp as yellow are considered 
theoretically. The seeing of yellow by deuteranopes and 
protanopes may be accounted for by an idea based on 
Leber-Fick transmation theory. It is proposed that the 
characteristic sensitivities of the red and green receptors 
become similar while no change takes place in their 
central brain connections. Losses may be introduced into 
the transformed sensitivity curves to indicate appropriate 
degrees of luminosity deficit for deuteranopes and pro- 
tanopes. 
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berville’s early statement (1684). 


. It has been proposed that a very rare type, the 


tetartanope, should also be listed. The tetartanope, it 
is claimed, also confuses blue and green, but whereas 
other dichromats can match a single region of the 
spectrum by white, the tetartanope can so match two 
such regions. 
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tween the first two at 494 mp, and for the second 
and third, at 582.5 mp. The luminous units are 
within the range reported by Wright (28) for his 
normal subjects. The experiments were done with 
retinal illuminances of test wavelengths equal in all 
cases to 500 trolands as established by flicker pho- 


t try. 
VD (London) 30, 141 


"W. D. Weıchr, Trans. Opt. Soc. 


(1928-29). 


16 


Experiments in Color Vision 
Epwin H. Lanp 


From childhood onward we enjoy the richness of color 
in the world around us, fascinated by the questions: 
“How do we see color? How do you know you see the 
same color I do? Why do colors sometimes mix to give 
quite different colors?” Since 1660, when Isaac Newton 
discovered the properties of the visible spectrum, we 
have slowly been learning the answers; and we are finding 
that the beauty of the outer world is fully matched by the 
technical beauty of the mechanisms whereby the eye sees 
color. 

No student of color vision can fail to be awed by the 
sensitive discernment with which the eye responds to the 
variety of stimuli it receives. Recently my colleagues and 
I have learned that this mechanism is far more wonder- 
ful than had been thought. The eye makes distinctions 
of amazing subtlety. It does not need nearly so much 
information as actually flows to it from the everyday 
world. It can build colored worlds of its own out of in- 
formative materials that have always been supposed to be 
inherently drab and colorless. 

Perhaps the best way to begin the story is to consider 
two sets of experiments. The first is the great original 
work of Newton, which set the stage for virtually all 
research in color vision since that time. The second is an 
apparently trivial modification that reverses some of his 
basic conclusions. 


This article originally appeared in the Scientific American, 
May, 1959, pp. 84-99. The photographs have not been included 
in this book. 
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As is so often the case with truly revolutionary insights, 
the simplicity of Newton’s discovery causes one to won- 
der why no one before him had made it. He passed a 
narrow beam of sunlight through a prism and found 
that it fanned out into the band of colors we know as 
the visible spectrum: red, orange, yellow, green, blue, 
indigo and violet. When he reversed the process, gather- 
ing the beam together with a second prism, the colors 
vanished and white light reappeared. Next he tried re- 
combining only parts of the spectrum, inserting a slotted 
board to cut off all but certain selected bands [see dia- 
gram on page 167]. When he combined two such bands 
of color, letting the rays mix on a screen, a third color 
appeared, generally one matching a color lying between 
the bands in the spectrum. 

Let us repeat this last experiment, placing the open- 
ings in the board just inside the ends of the narrow 
yellow band in the spectrum. When these two yellow 
beams strike the screen, they combine, as Newton ob- 
served, to produce yellow. 

Now for our modification. In front of the slits we 
place a pair of black-and-white photographic transparen- 
cies. Each shows the same scene: a collection of variously 
colored objects. There is, of course, no color in the photo- 
graphs. There are simply lighter and darker areas, formed 
by black silver grains on transparent celluloid. A glance 
at the two shows that they are not absolutely identical. 
Some of the objects in the scene are represented by areas 
which are lighter in the first photograph than in the 
second. Others are darker in the first and lighter in the 
second. But all that either photograph can do is to pass 
more or less of the light falling on its different regions. 

The yellow beams pass through these transparencies 
and fall on the screen. But now they are not yellow! 
Somehow, when they are combined in an image, they are 
no longer restricted to producing their spectral color. On 
the screen we see a group of objects whose colors, though 
pale and unsaturated, are distinctly red, gray, yellow, 
orange, green, blue, black, brown and white. In this 


experiment we are forced to the astonishing conclusion 
that the rays are no 


t in themselves color-making. Rather 


r 
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they are bearers of information that the eye uses 
to assign appropriate colors to various objects in an 
image. 


THE OLD THEORY 


This conclusion is diametrically opposed to the main 
line of development of color theory, which flows from 
Newton’s experiments. He and his successors, notably 
Thomas Young, James Clerk Maxwell and Hermann von 
Helmholtz, were fascinated by the problem of simple 
colors and the sensations that could be produced by com- 
pounding them. Newton himself developed quite good 
rules for predicting the colors that would be seen when 
various spectral rays were mixed to form a spot of light 
on a screen, These rules can be summarized in geo- 
metrical diagrams, one of the oldest of which is the color 
triangle [see diagram at top of page 181]. On modern 
versions of it we can read off the result of combining so 
many parts of color A with so many of color B. 

Once it was discovered that light is a wave motion, the 
classical investigations of color acquired a deeply satisfy- 
ing logical basis. The order of colors in the spectrum fol- 
lows wavelength, the longest visible wavelength falling at 
the red end of the spectrum and the shortest at the violet 
end. A pure color would be a single wavelength; com- 
pound colors would be mixtures of pure colors. 

In trying to match colors by mixing spectral stimuli 
Maxwell and Helmholtz found that three different wave- 
lengths were enough to effect all matches, and that those 
wavelengths had to be chosen from the red, green and 
blue bands of the spectrum. Accordingly red, green and 
blue came to be called the primary colors. On the basis 
of this evidence they proposed a three-color theory of 
color vision. We need not go into the details here. The 
central idea is that the eye responds to three different 
kinds of vibration, and that all color sensation is the 
result of stimulating the three responses in varying de- 
grees of strength. Thus it has become an article of faith 
in standard theory that the color seen at any point in a 
field of view depends on what wavelengths are issuing 
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from that point and upon their relative strengths or in- 
tensities. 

Now, as we have seen in our modification of Newton’s 
experiment, the light at any point on the screen was com- 
posed of only two “yellow” wavelengths, yet the image 
was fully colored. And, as we shall see later, the colors in 
images will be remarkably stable even when the over-all 
relative strengths or intensities of the two wavelengths 
are varied. 


NATURAL IMAGES 


Is something “wrong” with classical theory? This long 
line of great investigators cannot have been mistaken. 
The answer is that their work had very little to do with 
color as we normally see it. They dealt with spots of light, 
and particularly with pairs of spots, trying to match one 
to another. The conclusions they reached were then 
tacitly assumed to apply to all of color sensation. This 
assumption runs very deep, and has permeated all our 
teaching, except for that of a few investigators like E. 
Hering, C. Hess and the contemporary workers Dorothea 
Jameson and Leo M. Hurvich (who have studied the 
effect produced on a colored spot by a colored surround). 

The study of color vision under natural conditions in 
complete images (as opposed to spots in surrounds) is 
thus an unexplored territory. We have been working in 
this territory—the natural-image situation, as we call it 
—for the past five years. In the rest of this article I shall 
describe some of the surprises we have encountered. 

To form the image in our modification of Newton’s 
experiment we needed two sets of elements: a pair of 
different photographs of the same scene, and a pair of 
different wavelengths for illuminating them. It is possible 
to make the pictures different by tinkering in the labora- 
tory, arbitrarily varying the darkness of their different 
areas. But, as every photographer will have recognized 
at this point, a simple way to produce the two pictures 
is to make “color separations,” that is, to photograph the 
scene through two filters that pass different bands of 
wavelengths. In this way the film is systematically exposed 
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to longer wavelengths coming from the scene in one case, 
and to shorter wavelengths in the other. In our investi- 
gations we usually use a red filter for the longer wave- 
lengths and a green filter for the shorter. s 

Now when we illuminate the transparencies with 
practically any pair of wavelengths and superimpose the 
images, we obtain a colored image. If we send the longer 
of the two through the long-wave photograph and the 
shorter through the short-wave photograph, we obtain 
most or all of the colors in the original scene and in their 
proper places. If we reverse the process, the colors reverse, 
reds showing up as blue-greens and so on. 


LONG WAVELENGTHS V. SHORT 


It appears, therefore, that colors in images arise not 
from the choice of wavelength but from the interplay of 
longer and shorter wavelengths over the entire scene. Let 
us now test this preliminary hypothesis by some further 
experiments. 

There are several more convenient ways to combine 
images than in the arrangement of Newton’s experiment. 
One of the simplest is to place the transparencies in 
two ordinary projectors, using filters to determine the 
illuminating wavelengths. 

When we work with filters, we are not using single 
wavelengths, but rather bands of wavelengths; the bands 
have more or less width depending on the characteristics 
of each filter. It turns out that the width of the band 
makes little difference. The only requirement is that the 
long-wavelength photograph, or, as we call it, the “Jong 
tecord,” should be illuminated by the longer bad and 
the “short record” by the shorter band. Indeed, one of 
the bands may be as wide as the entire visible spectrum. 
In other words, it may be white light. 

One advantage of this arrangement is that an observer 
can test the truth of our hypothesis in a simple and 
dramatic way. According to classical theory the com- 
bination of red and white can result in nothing but pink. 
With no photograph in either projector, and with a red 
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filter held in front of one of them, the screen is indeed 
pink. Now the transparencies are dropped into place and 
the view changes instantly to one of full, vivid color. If 
the red filter is taken away, the color disappears and we 
see a black-and-white picture. When the filter is put back, 
the colors spring forth again. 

An incidental advantage in using red for the long 
record and white for the short lies in the fact that the 
colors produced look about the same to color film as they 
do to the eye. Thus the image can be photographed di- 
rectly. With more restricted bands of wavelengths the 
film, which does not have the new-found versatility of 
the eye, cannot respond as the eye does, and reproduc- 
tions must be prepared artificially. . 

The projectors afford a simple way of testing another 


à a ; ixi ctral colors is 
NEWTON’S EXPERIMENT in mixing been of the 


shown schematically at top; the author's mo 

eas in whieh a eis of black-and-white iG pg 
is inserted in the beams, is diagrammed at bottom. AS its 
a and b are both in the yellow band of the spectru De 
arrangement produces 4 spot of yellow on the screen. i e s ge 
at bottom contains 4 gamut of color. The letters | an l s : 
this diagram and others in this article refer, respectively, to 
the long record and the short record. 
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variable: brightness. By placing polarizing filters in front 
of the projector’s lenses we can vary the amount of light 
reaching the screen from each source. With no trans- 
parencies in the projector, but with the red filter still over 
one lens, the screen displays a full range of pinks, from 
ted to white, as the strengths of the two beams are 
changed. When the photographs are in place, the colors 
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of the image on the screen hold fast over a very consider- 
able range of relative intensities, 

Let us pause for a moment to consider the implications 
of this last demonstration. Remember that the photo- 
graphs are nothing but pieces of celluloid treated to pass 
more light in some places than in others, All they can do 
to the red and white beams is to change relative inten- 
sities from point to point. In doing so they stimulate a 
complete gamut of color. Yet when we vary the relative 
intensities of the beams over the whole field of view, the 
colors stay constant. Evidently, even though the eye needs 
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different brightness ratios, distributed over various parts 
of the image, to perceive color, the ratios that the eye is 
interested in are not simple arithmetic ones. Somehow 
they involve the entire field of view. Just how they in- 
volye it we shall see a little later. 
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COLOR MAP shows limits on color Re vit different 

airs of wavelengths. The gray area is an achromatic region in 
Ph ae are 9 cli together to produce any kind 
of color. In the region marked “short-wave reversal” the colors 
are normal, but the short wavelengths act as the stimulus for 
the long record and the long wavelengths as the stimulus for 
the short record. The blank area below the diagonal is a region 
of reversed color obtained by illuminating the short record with 


long wavelengths and vice versa. 
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to light our transparencies with bands as narrow as we 
choose and of precisely known wavelength. By blocking 
off the spectroscopes and using filters, we can also ob- 
tain white light or broad bands. The two images are com- 
bined by means of a small, semitransparent mirror; light 
from one record passes through the mirror, and light from 
the other is reflected from its top surface. The intensity of 
each light source can be closely controlled. 

With the dual monochromator we have confirmed our 
broad hypothesis: Color in natural images depends on a 
varying balance between longer and shorter wavelengths 
over the visual field. We have also been able to mark out 
the limits within which color vision operates. It turns 
out that there must be a certain minimum separation be- 
tween the long-record wavelength and the short. This 
minimum is different for different parts of the spectrum. 
Any pair of wavelengths that are far enough apart (and 
the minimum distance is astonishingly small) will pro- 
duce grays and white, as well as a gamut of colors ex- 
tending well beyond that expected classically from the 
stimulating wavelengths. Many combinations of wave- 
lengths produce the full gamut of spectral colors, plus the 
nonspectral color sensations such as brown and purple. 
All this information has been summarized in a color map 
showing the limitations on the sensations produced by 
different pairs of wavelengths [see the illustration on 
preceding page]. We have also investigated the limits 
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PIGMENTS IN AN IMAGINARY WORLD, whose available 
light is limited to a band of wavelengths extending only from 
about 570 millimicrons to 590 millimicrons, would have to be 


much more sharply selective. Upper curves show reflection 
color in such a world. 


curves of pigments which would give full 

Lower curves represent the same curves stretched out so that 
the 570-590 band covers the same width as the 400-700 band 
of the visible spectrum. 


on relative brightness. With some pairs the colors are 
f brightness; with 


maintained over enormous ranges © 
others they begin to break down with smaller changes. 
Again, the result depends on the wavelengths we are 
using. A table showing the stability of various colors for 
a sample pair of wavelengths appears on page 182, 


A NEW COORDINATE SYSTEM 
The color map tells us what we will not see when we 


combine a pair of images at various wavelengths. Can we 
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now make a positive prediction? Given a pair of records 
of the same scene, and a pair of wave bands with which 
to illuminate them, what color will appear at each specific 
point on the combined image? In other words, we want 
a set of rules that will do for images what the color 
triangle does for color-matching experiments (and what 
most of us have mistakenly supposed it does for images 
as well). 

We have formed a new coordinate system that does 
for the first time predict the colors that will be seen in 
natural images. Perhaps the best way to approach it is 
through an actual experiment. Let us set up the dual 
projector (or the monochromator) for any pair of “long 
and “short” bands, say red and white, that can produce 
full color. We know that local variations in the relative 
brightness of the two records must somehow give rise to 
the color. Yet we have also found that changing all the 
brightness ratios in a systematic way, for example by 
cutting down the total light from the red projector, has 
no effect. Therefore we look for a way of describing the 
brightness in terms that are independent of the total 
light available in either image. 

This can be done as follows: We turn on the “long” 
projector alone, setting its brightness at any level. Now 
we find the spot on the red image corresponding to the 
point at which the long black-and-white record lets 
through the most light. We measure the intensity at that 
point and call it 100 per cent. It tells us the maximum 
available energy for the long-waves. Next we measure the 
intensity of the light all over the rest of the red image, 
marking down for each point the red intensity as a per 
cent of the maximum available. Then we turn off the 
“long” projector, turn on the “short” one and follow the 
same procedure for the short wavelengths (in this case 
the full spectral band). Now we draw up a two-dimen- 
sional graph [top of page 168], plotting the percentage 
of available long wavelengths on one axis and the per 
centage of available short wavelengths on the other. Every 
point on the image can be located somewhere on this 
graph. Each time we plot a point, we note next to it the 
color it had on the image. \ 

What emerges is a map of points, each associated with 
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LONG AND SHORT RECORDS are prepared by photograph- 
ing a scene with the dual camera diagrammed at top. Small! 
open rectangles represent colored filters; the filter in front of 
the long record is red and the one in front of the short record’ 
is green. A composite image 1 formed by superimposing long. 
and short records (labeled 1 and s on a screen by means of a 
dual projector bottom). 

a color. When it is finished, we can see that the map is: 
divided into two sections by the 45-degree line running, 
from lower left to upper right. This is the line of gray’ 
points. If we had put the same transparency in each Be 
nce the: 


jector, all the points would fall on the gray line, si 
be the same at every 


percentage of available light wou 

point on the image for both projectors- The other colors: 
arrange themselves in a systematic way about the 45- 
degree line. Warm colors are a it; cool colors are 
below. Thus it seems that the important visual scale isi 


not the Newtonian spectrum. 0 


trum is simply the accidental consequen: 
stimuli in order of _ The significant scale for 


images runs from warm colors through neutral colors to 


cool colors. 
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Repeating our experiment with different illuminating 
wavelengths or bands, we find that for every pair that 
produces full color the position of the colors on the co- 
ordinate graph remains the same. Thus we have the rule 
we were looking for, a rule that tells us in advance what 
color we shall find at any point in an image. We can 
take any pair of transparencies and measure their per- 
centage of transmission in various regions of the picture. 
Then, before projecting them, we can predict the colors 
these areas will have. We will be right provided that the 
illuminating wavelengths are capable of stimulating all 
the colors. In cases where they are not, we must change 
the coordinate map accordingly. Thus the full set of 
tules consists of a group of coordinate color plots, one 
for each section of the color map at the bottom of page 
169. 

Note that each coordinate system is itself dimension- 
less. The axes do not measure wavelength, brightness or 
any other physical unit. They express a ratio of intensities 
at a single wavelength or for a broad band of wavelengths. 
The axes have another interesting property: they are 
stretchable. Suppose we superimpose two identical long- 
wavelength photographs in the slide holder of the “long” 
Projector and leave a single short-wavelength photograph 
in the holder of the “short” projector. We find that this 
combination still does not alter the colors on the screen. 
What sort of change have we made? Every point in the 
long record that transmitted ¥ of the ayailable light now 
transmits 1⁄4, points that transmitted Y% now transmit 
1/25 and so on. On the logarithmic scale of our graph 
this corresponds to stretching the long-record axis to twice 
its former length. The 45-degree line now shifts to a new 
direction, but all the color points shift with it, maintain- 
ing their relative positions [see diagram on page 177]. 


RANDOMNESS 


Our studies of the coordinate graph have uncovered 
another interesting and subtle relationship. As we plotted 
graphs for various experiments we began to suspect that 
any arrangement which yielded points falling on a straight 
line, or even on a simple smooth curve, would be color 
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less. To test this idea we tried putting a negative photo- 
graph in one projector and a positive of that negative in 
the other. Such a pair of images will plot as a straight 
line running at right angles to the 45-degree gray line. 
The image is indeed virtually colorless, showing only the 
two “colors” of the stimuli involved in projection and a 
trace of their Newtonian mixture. 

If an image is to be fully colored, its coordinate graph 
must contain points distributed two-dimensionally over a 
considerable area. But even this is not enough. The points 
must fall on the graph in a somewhat random manner, as 
they do in the plot of any natural scene. This require- 
ment can be demonstrated in a very striking experiment. 
Suppose we put a “wedge” filter in the slide holder of the 
ted projector. The effect of the filter is to change the 
intensity of the beam continuously from left to right. 
That is, when the red projector is on and the white pro- 
jector off, the left side of the screen is red and the right 
side is dark, with gradations in between. Now we place a 
similar wedge, but vertically, in the white projector so 
that the top of the screen is white'and the bottom is dark. 
With both projectors turned on we now have an infinite 
variety of red-to-white ratios on the screen, duplicating 
all those that could possibly occur in a colored image. 
However, they are arranged in a strictly ordered progres- 
sion. There is no randomness. And on the screen there 
is no color—only a graded pink wash. 

To repeat, then, the colors in a natural image are de- 
termined by the relative balance of long and short wave- 
lengths over the entire scene, assuming that the relation- 
ship changes in a somewhat random way from point to 
point. Within broad limits, the actual values of the wave- 
lengths make no difference, nor does the over-all available 
brightness of each. 

The independence of wavelength and color suggests 
that the eye is an amazingly versatile instrument. Not 
only is it adapted to see color in the world of light in 
which it has actually evolved, but also it can respond 
with a full range of sensation in much more limited 


worlds. A dramatic proof of this is provided by another 
series of experiments. 
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COLOR WORLDS 


In these we use a pair of viewing boxes that superim- 
pose fairly large images by means of semitransparent 
mirrors [see diagram at bottom of page 183]. Each box 
contains tungsten lamps, which produce white light, to 
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illuminate one record and a sodium lamp to illuminate 
the other. We tum on one viewer, inserting the long and 
short transparencies and placing a red filter over the 
tungsten lamp. The composite image is fully colored, 
containing greens and blues, although the shortest wave- 
length coming from the mirror lies in the yellow part of 
the spectrum. Now we tum on the second viewer, insert- 
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ing a green filter over the white light-source. Again the 
image contains a gamut of color, including red. The ob- 
server can see the images in both viewers at once—each 
showing the same range of color, but representing dif- 
ferent visual worlds. In the first the sodium light (with a 
wavelength of 589 millimicrons) serves as the shortest 
available wavelength and helps to stimulate the green 
and blue. In the second it is the longest wavelength and 
stimulates red. If the observer stands back far enough 
from the viewer, he can also see the “natural” colors 
in the room around him. Here then is a third world in 
which yellow is “really” yellow. 

Another way to use the green filter in the second so- 
dium viewer is to hold it up to the eye instead of placing 
it in front of the tungsten lamps. This filter passes both 
the sodium wavelength and the green band [see bottom 
graph on page 175]. When he looks around the room, the 
observer sees red objects as black and the rest of the 
colors as washed-out green. But when he looks at the 
picture in the second viewing box, he sees it quite full of 
color, including red. 

The color worlds of the viewers are produced by pic- 
tures. Could we make physical models of these worlds, 
populating them with real objects which would show the 
same colors as the images in the viewers under the same 
conditions of illumination? We could if only we had the 
proper pigments. The pigments in the world around us 
are the best we have been able to find that look colored 
in our lighting: a spectrum of visible wavelengths from 
400 to 700 millimicrons. Each of these pigments reflects 
a broad band of wavelengths, and its peak is not sharp 
[see diagram on page 170]. 

Thus our coloring materials do not distinguish clearly 
between wavelengths that are fairly close together. If we 
could find pigments with much narrower response curves, 
we would suspect that these might provide full color in 
a more restricted world of light—a world, for example, 
lighted by the wavelengths that pass through the green 
filter. In the absence of such coloring materials, we might 
content ourselves with creating this world photograph- 
ically, if we could show that this is possible. A moments 
study of the diagrams on page 171 will show the exciting 
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fact that a two-color separation photograph in a world of 
any band-width is the same as a two-color photograph in 
a world of any other pandwidth—including our own, 
provided that we postulate that a correctly proportioned 
change in the absorption bands of the pigments goc 
along with a change in the band-width of the world. 
Therefore we can use our Te nd short pictures, 
taken through the red and green filters, to transport our- 
selves into new worlds with their new and appropriately 
narrow pigments. 


THE VISUAL MECHANISM 
The sodium-viewer demonstration suggests an impor- 
tant consideration that we have not previously men- 


ae tells 
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tioned, although it is implicit in what has already been 
said. If the eye perceives color by comparing longer and 
shorter wavelengths, it must establish a balance point or 
fulcrum somewhere in between, so that all wavelengths 
on one side of it are taken as long and all on the other 
side as short. From the evidence of the viewer we can see 
that the fulcrum must shift, making sodium light long in 
one case and short in the other. 

` Where is the fulcrum in the ordinary, sunlit world? 
Experiments on a large number of subjects indicate that 
it is at a wavelength of 588 millimicrons. When we use 
this wavelength in one part of the dual monochromator 
and white light in the other, the image is nearly colorless. 
With a wavelength shorter than 588 millimicrons, white 
serves as the longer stimulus in producing color; with a 
wavelength longer than 588 millimicrons, white becomes 
the short record. 

From the dual-image experiments we learn that what 
the eye needs to see color is information about the long 
and short wavelengths in the scene it is viewing. It makes 
little difference on what particular bands the messages 
come in. The situation is somewhat similar to that in 
broadcasting: The same information can be conveyed by 
any of a number of different stations, using different car- 
rier frequencies. But a radio must be tuned to the right 
frequency. Our eyes are always ready to receive at any 
frequency in the visible spectrum. And they have the 
miraculous ability to distinguish the longer record from 
the shorter, whatever the frequencies and the band- 
widths. Somehow they establish a fulcrum and divide the 
incoming carrier waves into longs and shorts around that 
point. 

In our experiments we provide a single photograph 
averaging all the long wavelengths and a single photo- 
graph averaging all the short. What happens in the real 
world, where the eyes receive a continuous band of wave- 
lengths? We are speculating about the possibility that 
these wavelengths register on the retina as a large number 
of individual color-separation “photographs,” far more 
than the three that Maxwell thought necessary and far 
more than the two that we have shown can do so well. 
The eye-brain computer establishes a’ fulcrum wavelength, 
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then it averages together all the photographs on the long 
side of the fulcrum and all those on the short side. The 
two averaged pictures are compared, as real photographic 
Images are compared in accordance with our coordinate 
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experiments deal with two photographs and our co- 
ordinate system is two-dimensional, we have not been 
describing a two-color theory of vision. When we use a 
band of wavelengths for either or both of the records, we 
have light of many wavelengths coming from each point 
on the screen. And if classical three-color theory holds, it 
should describe the color of each of these points. This, as 
we have seen, it completely fails to do. It is true, however, 
that our experiments deal with two packages of informa- 
tion. We have demonstrated that the eye can do almost 
everything it needs to do with these two packages. ‘The 
significance of what a third package will add is far from 
obvious. We are building a triple image-illuminating { 
monochromator to find out. f 
A third picture may provide better information at the - 
photographic level or an additional and useful interaction 
with the stimuli from two images. However, there is not 


Range Over Variation in Color 
Colors Seen | Which Seen Over This Range 
Gray 200 to 1 Little Variation h 

k Brown 100 to 1 Yellow-Brown to Dark Brown 

White 100 to 1 Yellowish-White to Bluish-White 
Yellow 30 to 1 Yellow to Off-White 
Yellow-Green 30 to 1 Yellow-Green to Yellow Orange 
Blue 10 to 1 Blue-Violet to Blue Green 
Green 6tol Blue-Green to Gray-Green 
Red Stol Dark Red to Dark Orange-Red 
Orange 5to1 Yellow to Red-Orange 


Limits of Stability of colors under variation in relative brightness 
of a sample pair of long and short stimuli are summarized in this 
typical chart. Second column shows the mechanism ratio (changing 
the brightness of either or both of the stimuli) for which color at 


left is recognizable. Pair of stimuli used was 450 millimicrons and 
575 millimicrons. 
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a very big gap in the sensation scale to be filled by the 
third picture. In a given image a particular combination 
of two stimuli might not provide an electrically intense 
blue ora delicately yellowish green, but it is still likely to 
provide more than enough for the animal to live with. 
Nevertheless we do expect that the richness of many 
colors will be increased by the interplay of a third stimu- 
lus. Whatever we learn by adding a third picture, the 
visual process will remain an amazing one from the 
evolutionary point of view. Why has a system that can 
Work so well with two packages of information evolved 
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SODIUM-VIEWING BOXES diagrammed schematically. Each 
of these instruments produces a large composite image by 
means of the semitransparent mirror. Tungsten light is white, 
and is restricted to narrower bands of wavelengths by means of 
Colored filters. 


to work better with three? And who knows whether it will 
Not work better still with four, or five or more? ic 
at does the eye itself do in the everyday wor! 6 
the full spectrum? Does it make only two ayer r 
oes it put to better use the new ability we have i 
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images at closely spaced wavelengths? Perhaps it crea 
Many sets of averages instead of just two oF three. Pe 
ven if more than two information channels are Ep 
We feel that the big jump is obviously from one Be 
Ost of the capability of our eyes comes into p. a eee 
nd whatever may be added by more channels, 2 oe 
Concept will remain. Color in the natural image Cep® va 
on the random interplay of longer and shorter wa 
lengths over the total visual field. 


17 


Vision 
CHARLES E. Oscoop 


"VISUAL QUALITY 


The psychology of vision is replete with conflicting 
theories, designed as explanations of how the nervous 
system mediates the known relations between physical 
light stimulus and psychological color experience. The- 
ories are limited only by existing knowledge of how, in 
general, the sensory nervous system works and by an 
accumulated mass of indirect evidence, but they tend to 
stray beyond even these boundaries. Impetus to theory 
building came from the discovery that all hue experiences 
could be duplicated by appropriate mixtures of only three 
primaries; this seemed to limit the complexity of the 
problem—perhaps only three receptor types were suffi- 
cient to explain color vision. 

Could it be done with less than three? At the extreme — 
we would have a single receptor theory, with hue de- 
pendent upon the frequency of impulses in the visual 
nerve tract (in a manner analogous to the volley theory 
of pitch) and brightness dependent upon total frequency 
per unit time. This has seldom been seriously proposed 
(however, see Troland, 1921; Fry, 1945): the notion 
tuns into flat contradiction of the law of specific energies 


We end this volume with an overview of the problem, e 


cerpted from a standard text in experimental psychology. It 


puts the theories and problems of color vision in perspective, 


drawing them together so that one can see how the various 
parts fit and what theories are best at handling what kinds of 
data. The selection is from Method and Theory in Experi- 
mental Psychology by Charles E. Osgood. Copyright 1953 by 


_ Oxford University Press, Inc. Reprinted by permission. $ 
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(a difficulty shared with respectable theories, by the way), 
fails to provide a ready explanation of color mixture and 
saturation, and certainly doesn’t explain how we can have 
different types of color blindness. Is the other extreme, 
an N-receptor theory, feasible? This notion, like the place 
theory of hearing, would require as many different types 
of receptors as there are discriminable hues, and there are 
some 128 of them (cf. Troland, 1934). This would seem 
to place an impossible burden upon retinal chemistry; it is 
difficult to conceive of anything approaching this number 
a of different light-sensitive substances. Furthermore, since 
\ vision (unlike audition) includes a spatial dimension, 
\ each small area of the retina yielding full color discrimi- 
t 


nation would have to include full replication of all cone 
ypes. 
N All contemporary theories represent a compromise be- 
tween these extremes, specifying some limited number of 

x receptor types that vary in their rate of discharge with 
the wave length of light. The classic Young-Helmholtz 
theory, deriving its raison d'être from the facts of color 
mixture, specifies three types of cones. Despite numerous 
weaknesses, this is still the dominant point of view. Other - 
theories have appeared from time to time, but they are 
chiefly criticisms of the Young-Helmholtz position. We 
shall first describe the classic theory and then eyaluate it 
against many kinds of experimental evidence, taking — 
4 cognizance of competing theories. 


THE YOUNG-HELMHOLTZ THEORY 


ih By the time Thomas Young (1801) was mulling over 
it was well estab- 


ps -these problems, a century after Newton, 1 ; 

| lished that light is infinitely divisible. Young, like present- 
= day theorists, found it difficult to conceive of each sen- 
$3 sitive point in the retina containing “an i 

of particles, each capable of vibrating in pi 
with every possible undulation.” 
tion was that there are only three 
sponding to three primary CO 1 You 
made the implications of this theory explicit, it follows 
that if anything other than the primaries are to be sensed 
(a) each fiber must respond Fi varying degrees to all 
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wave lengths and (b) the messages carried by the three 
types of fibers must be fused or interpreted, presumably 
in the brain. After reposing quietly in the Philosophical 
Transactions of the Royal Society for nearly fifty years, 
these ideas were discovered, more or less simultaneously, 
by both Maxwell and Helmholtz, who brought them 
into close alignment with the facts of color mixture. 

The Young-Helmholtz theory postulates three types of 
cones, R, G, and B, each containing a slightly variant 
substance (chemistry) so that it is maximally sensitive in 
a different region of the spectrum. Following the law of 
specific energies—in a rough statement of which, inci- 
dentally, Young had anticipated Johannes Müller, as is 
evident in this color theory—R cones, if stimulated in 
isolation, would yield a red sensation, G cones a green 
sensation, and so on. The rate of firing for each type of 
cone, its excitability, depends upon the wave length of 
the stimulating light. Hue thus depends on the relative 
frequencies of impulses set up in the three types of fibers, 
brightness on the total frequency of impulses in all three 
fibers, and saturation on the amount of white produced 
in any fusion, i.e. if a given stimulus elicits 3 R, 8 G, 
and 12 B, three units of each will go into the production 
of white, leaving 5 G and 9 B to fuse into a somewhat 
desaturated greenish blue. 

The determination of excitability curves for the three 
types of cones seemed a direct enough matter to early 
investigators: they had merely to determine by color mix- 
ture what proportions of the three primary wave lengths 
are required to match each portion of the visible spec- 
trum—i.e. the facts of color mixture were assumed to 
provide a faithful picture of the composite action of the 
three kinds of cones. König and Dieterici (1892) were 
the first to make such colorimetric measurements with 
sufficient accuracy, and their Grundempfindungen—basic 
sensation curyes—are shown in Fig. 61A. These curves 
are several steps removed from direct color-mixture data, 
however. In the first place, direct colorimetric matching 
of the spectrum shows that at most points one of the 
primaries, red, green, or blue, has a negative value. 
Since it did not seem reasonable that receptors 
could respond at less than zero frequencies, König and 
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If these curves did reflect faithfully the composite 
action of three types of cones, then 0 
color vision should also be derivable from 
not the case (cf. Hecht, 1930), (a) Since cone responses 
determine brightness as Wo as color experience, adding 
together excitation curves for the three cone mechanisms 
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should generate the general luminosity curve for cone 
vision (i.e. the unimodal curve shown in Fig. 48). A 
glance at Kénig’s basic sensation curves shows that the 
blue portion of the spectrum would be made dispropor- 
tionately bright, and the total luminosity function de- 
rived in this manner would certainly not be unimodal. 
To approximate the actual luminosity function for cone 
vision, the ‘blue’ excitation curye must be multiplied by 
a factor of only 0.006, the ‘green’ curve by 0.426, and the 
‘red’ curve by 0.568 (Ives, 1923). In other words, the 
contribution of ‘blue’ to color experience is all out of 
Proportion to its contribution to brightness. (b) Since, 
according to the Young-Helmholtz theory, white is pro- 
duced by the combined activity of all three components, 
the least well-saturated portions of the spectrum should 
be those in which the greatest overlap occurs among the 
three excitation curves. Since yellow is the least saturated 
spectral color, overlap should be maximal near 585 mp, 
but it is actually greatest about 500 mp. (c) It will be 
recalled that the data for hue discrimination (see Fig. 
49) revealed four regions of maximal differential sen- 
sitivity to change in wave length. Helmholtz himself 
(1891, trans. 1924) was the first to suggest that wave- 
length discrimination should vary directly with the rate 
at which spectral sensitivity of the three cone components 
was changing along the spectrum. For example, if fre- 
quency of response for the green cones was changing 
rapidly between 500 and 510 my, differential sensitivity 
should be fine in this region. This means that hue dis- 
crimination data should be predictable from basic excita- 
tion curves. When Helmholtz tried to derive König and 
Dieterici’s hue discrimination data from their own Grun- 
dempfindungen, however, he found it impossible and 
therefore derived a new set, shown as Fig. 61B. It is cer- 
tain that the excitation ratios of R, G, and B cones as a 
function of wave length cannot be faithfully represented 
by both sets of Grundempfindungen. 

In a brilliant theoretical analysis, Hecht (1930) has 
greatly enhanced the tenability of the Young-Helmholtz 
theory by describing quantitative functions for a three- 
cone mechanism from which not only the data of color 

mixture can be derived but also those of brightness, satu- 
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ration, and hue discrimination. His excitation curves are 
shown in Fig. 62, violet (V) being used as the third 
primary rather than blue for reasons we shall consider 
later. (a) Hecht’s excitation curves are given such values 
that they summate directly to give the photopic visibility 
curve, i.e. the relative brightness of various portions of 
the spectrum can be derived from them. (b) Within 
this limitation, these theoretical curves are further made 
to intersect in those ways required to account for com- 
plementary equations and the general facts of color mix- 
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Fig. 62. Basic sensation curves proposed by Hecht to account 
for brightness-hue discrimination, and saturation 
thresholds, as well as color mixture data. Hecht, 

Journal of the Optical Society of America, 1930, 


} 20:252. 


ture; R and G curves, for example, cross at 585 mp to 
account for yellow. The large amount of overlap among 
these similar curves, rather than producing white (as in 
the classic view), is assumed to contribute to the total 
brightness of experience. (C) For the portion of the spec- 
trum between 400 mp and 500 mp, S (saturation ) = 


Waals , and between 500 mp and 700 my, 
V+G+R 


CEREM Where- the three components are equal, 
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. the greater the dominance 


S equals zero, or pure white; l 
of the two hue-producing components over the third 
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saturation. Hecht made further slight adjustments in his 
curves until application of these formulas to them would 
generate data on saturation thresholds obtained by Priest 
and Brickwedde (1926). (d) Similar minor adjustments 
made it possible to incorporate data on hue discrimina- 
tion obtained by Laurens and Hamilton (1923). 

The reader must also be cautioned that Hecht’s excita- 
tion curves do not represent actual measurements of R, 
G, and V cone-excitation ratios. Rather, they represent 
inferred characteristics of three postulated cone types, 
just as did Kénig’s Grundempfindungen. They are 
founded on a broader empirical base, however, the in- 
sight being that luminosity as well as wave-length func- 
tions must be included if such curves are to have any 
generality. The fact that they yield a precise derivation 
of several different sets of empirical observations is incon- 
sequential—as Hecht himself repeatedly points out, they 
were constructed to do exactly this. This in no way de- 
tracts from Hecht’s contribution; the tenability of any 
hypothesis varies with the number of relevant phenomena 
incorporated. The impressiveness of the demonstration 
lies in the fact that functions for only three-cone mecha- 
nisms can integrate such a large number of interlocking 
visual phenomena. 


THE PHENOMENOLOGICAL PRIMACY OF YELLOW 


Phenomenologists have generally agreed that there are 
four primary hues, red, yellow, green, and blue. Further- 
more, although the components can be distinguished in 
many color mixtures, yellow cannot be analyzed into its 
ted and green components. The same unitary character 
holds for sensations of white and black. To provide a 
hypothetical neurological base for such a ‘natural’ color 
system, Hering (1920, or see Boring, 1942) postulated 
three chemical substances in three types of cones, a 
white-black substance, a yellow-blue substance, and a red- 
green substance. Breaking down (catabolism) these sub- 
stances was supposed to yield one type of sensation (eg. 
white, yellow, and ted), but building up (anabolism) 
the ‚same substances was supposed to yield the antago- 
mistic sensations (e.g. black, blue, and green). All light 
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was necessarily assumed to excite both catabolic and 
anabolic activities in the white-black substance, yielding 
a gray whose brightness was a function of the ratio be- 
tween these processes; otherwise the antagonism between 
complementary colors, such as yellow and blue, would 
produce ‘nil’ rather than neutral gray. 

The main reason Hering’s theory has not survived is 
that it runs into such obvious conflict with the law of 
specific energies. Each cone is asked to distinguish 
(through the quality of its impulses) between the ana- 
bolic and catabolic changes in its chemical substance. In 
other words, the same fibers must carry both ‘yellow 
impulses’ and ‘blue impulses,’ but according to present- 
day views sensory fibers are incapable of distinguishing 
between the stimuli that give rise to them. Since the law 
of specific energies is by no means certain—as we shall 
become increasingly aware—Hering’s theory is still a 
possibility. And the existence of independent Y receptors 
proves to be a popular notion. 


COLOR BLINDNESS AND PERIMETRY MEASUREMENTS 


Christine Ladd-Franklin, in 1892 (cf. 1929), proposed 
a theory of color vision that was, in a sense, a compromise 
between the Young-Helmholtz and the Hering positions. 
Keeping the phenomenological advantage of Henni i 
theory, she postulated four primaries (R, G, Y, and B); 
to avoid collision with the law of specific energies, she 
postulated separate cone mechanisms for each primary. 
She was undoubtedly motivated by two often observed 
difficulties with the Young-Helmholtz view: (1) in the 
two most common forms of color blindness red and green 
cannot be discriminated but yellow, supposedly produced 
by the combined action of red and green, 1s experienced; 
(2) in perimeter studies it has been found that as small 
patches of either red or green are directed. more and mo 
toward the periphery, they tum into yellow. F x con 
yellow be experienced at a retinal locus where aet erer 
its presumed components can be? Yellow an a 
patches retain their own hues until quite far out tow 
the periphery, changing finally into achromatic ony i 
seems reasonable to suppose that these two sets © 
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are related—one might say that the normal eye is red- 
green blind somewhat peripherally, becoming totally color 
blind in the extreme periphery. 

Color blindness and its implications have long been 
matters of special interest not only to the layman, be- 
cause it seems strange that everyday objects may not look 
the same to others as to him, but also to the philosopher- 
scientist, because here the ‘obvious’ relation between 
stimulus and sensation breaks down. Superficially the 
Young-Helmholtz theory requires that functional loss. of 
one type of cone will eliminate that component from 
vision, i.e. a ‘green-blind’ subject should experience only 
ted-blue hues, a ‘red-blind’ subject only green-blue hues, 
and so on. What do the color blind actually experience? 
Obviously a colorblind person cannot describe for us 
what he experiences in a language based on sensations _ 
he cannot have, but there are ‘rare cases where color blind- 
Ness is confined to one eye and such individuals can tell 
us how vision with the colorblind eye differs from that 
with the normal eye. We find that what appears white to 
the normal eye also appears white to both ted-blind and 
green-blind eyes; for both red-blind and green-blind eyes 
the visible spectrum is divided at a neutral point into two 
hues, yellow and blue. Neither of these facts makes sense 
in an unextended Young-Helmholtz theory. 

Let us look briefly at the varieties of color defect. 
Normal color vision is referred to as trichromatism, speci- 
fying the fact that ordinary individuals require three 
primaries to match all the spectral hues they can experi- 
ence. Those who are protanomalous trichromats and 
deuteranomalous trichromats also require three primaries, 
but the former use more red in their mixtures and the 
latter more green. Actually, there is considerable vari- 
ability within the normal range, and these anomalous 
trichromats are merely on the extremes of the continuum. 
The protanopie dichromat (red-blind) and the deuter- — 
anopic dichromat (green-blind) require only two pri- 
maries to match all the hues they can experience. The 

_ protanope is relatively insensitive to wave lengths in the 


‘ted’ region but telatively more sensitive in the ‘blue’ 


- Tegion, The deuteranope, on the other hand, is no less 
_ Sensitive than normal to wave lengths in the ‘green’ 
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appropriately enough, is ye 
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tegion—the term ‘green-blind’ for this defect is clearly a 
misnomer. For both protanopes and deuteranopes the 
spectrum appears blue in the short wave-length portion 
and yellow in the long wave-length portion, these two 
bands being divided by a hueless region called the neutral 
point, saturation increasing in both directions from this 
division. Both protanopes and deuteranopes have difh- 
culty in discriminating reds and greens (or mixtures in 
which these components serve as differentials to the 
normal eye). Red-green blindness of one form or the 
other, by all odds the most common defect, is known to 
be inherited. It appears some ten times more often in 
men than in women. Tritanopia, a form of dichromatism 
in which the eye is insensitive to yellow and blue, is a 
very rare defect associated with diseases of the eye. The 
monochromat is totally color blind, matching all spectral 
hues solely on the basis of brightness. This is also a very 
rare defect, representing complete lack of cone vision. 
Mrs. Ladd-Franklin linked her four-receptor theory to 
certain evolutionary facts and was able to give a con- 
vincing account of both color blindness and perimetry 
data. Achromatic rod vision was assumed to be the most 


primitive form of the light sense (in vertebrates, at any 


rate). The rod structures evolve into primitive yellow and 
blue cones, differentially sensitive to long and short wave 
lengths of the spectrum, respectively. The third evolu- 
tionary step is the modification of some of the yellow 
cones into still further specialized mechanisms, the red 
and green cones whose chemistries selectively split the 


spectral region originally spanned by yellow. Note that 
red and green light combine to yield the sensation charac- 
d yellow and blue 


teristic of the parent yellow cone, an id nne 
light combine to yield the sensation characteristic of 
achromatic rods. Color blindness represents a throwback 
to a more primitive condition; since it 1s well known 
that the most recently acquired characteristics are the 


most readily eliminated in such cases, red and green 
ii t—an inherited de- 


blindness is the most common defec 

fect, we recall. And visual experience for these people, 
How-blue. The final assump- 
tion, also buttressed by comparative studies, is that evolu- 
tion has been most rapid in the foveal area of the eye, 
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itself an advanced structure, slowing down toward the 
periphery. In other words, various portions of the retina 
‘recapitulate’ the course of evolution—all four types of 
color receptors are present near the fovea (and red and 
green patches are discriminated in perimetry experi- 
ments); farther out, the yellow cones have not differenti- 
ated (and both red and green patches can only excite 
yellow cones); and still farther out in the most primitive 
periphery, the rods have not differentiated (and all col- 
ored patches are perceived as gray). ? 

What about the Young-Helmholtz theory? Obviously 
it is incapable of handling these facts in its classic form. 
An ingenious suggestion, however, originally offered by 
Fick (1879) and elaborated by Hecht (1930, 1934), 
solves the problem neatly. Let us assume that protanopes, 
rather than lacking red cones, have cones in which the 
photosensitive substance is changed so that their absorp- 
tion spectrum becomes identical with that for green 
cones (or vice versa, for deuteranopes). Since the rest 
of the (neural) mechanism remains unchanged, stimula- 
tion of these modified ‘ted’ cones will still yield red sen- 
sations, but response frequencies to various wave lengths 
of light will be identical with those for ‘green’ cones. In 
such a case any wave length between 500 mp and 700 
my would necessarily yield yellow experience (e.g. equal 
excitation of R and G), desaturated to the extent that 
the blue mechanism is excited. Any wave length between 
400 my and 500 mp would necessarily yield blue experi- 
ence, desaturated to the extent that fused R and G are 
excited. But such an eye would be incapable of discrimi- 
nations on the basis of R and G mixtures, as is the case. 
The same kind of argument could be given for perimetry 
data—for some reason, R and G cone chemistries are 
identical in the medial retina. It should be pointed out, 
however, that this chemistry shift is a sheer ad hoc 
notion (and it is just as much an additional postulate for 
the Young-Helmholtz theory as Ladd-Franklin’s Y re- 
ceptor). Furthermore, it offers no ready explanation of 
the rarity of blue-yellow blindness (tritanopia) or its non- 
inherited origin. 

Ladd-Franklin’s evolutionary theory has much to rec- 
ommend it, yet it has never been as popular as the 
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Young-Helmholtz view. The reason is not that there 
exists crucial evidence favoring the latter. There are at 
least three quite different reasons: in the first place, the 
immense prestige of Helmholtz as a scientist has un- 
doubtedly weighted the scales in favor of the theory he 
sponsored. Secondly, Hecht’s relatively recent demon- 
stration that a three-cone hypothesis can be made to fit 
a wide swath of relevant data has greatly increased the 
theory’s tenability—although a similar feat would pre- 
sumably be feasible for a four-cone hypothesis. Thirdly, 
many students, following the law of parsimony, have con- 
cluded that if a three-cone hypothesis can accomplish as 
much as a four-cone hypothesis, there is no need for the 
extra (yellow) entity, but it should be kept in mind that 
the ‘Jaw’ of parsimony is at best a rough guide, not a 


scalpel. 


INFORMATION AS TO RECEPTOR TYPES 


If we had direct information about the nature and num- 
ber of color receptors—in regard to the existence of an 
independent Y cone, for example—there would certainly 
be fewer competing theories in the field. Unfortunately 
such information is hard to obtain, Cone types do not 
Jabel themselves histologically; their small size and com- 
parative inaccessibility make direct neurophysiological 
study difficult—particularly with the human, who alone 
can tell us what sensations result from the stimulation of 
certain receptors. And indirect attacks are usually open 
to several interpretations. Nevertheless, tremendous in- 
genuity has gone into the search for receptor types, which, 
after all, is the critical theoretical issue. 

(1) Differential absolute thresholds. Taking advantage 
of the fact that there is an achromatic gray interval at low 


intensities before light is perceived as colored, Göthlin 
(1944) has made a 


direct experimental determination of 
the short wave-length primary in man’s color sense. Both 
Young and Helmholtz had specified violet as the short 
wave-length fundamental because blue could be obtained 


by mixing green and violet. Maxwell, on the other hand, 


had specified blue because it is psychologically a more 


unitary experience than violet. Using violet hues between 


WERE 


_ component added) at much higher intensities. This 


argued thus: ‘. . . if red light falls on the ri 
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430 and 455 mu, Göthlin gradually increased intensity 
from subthreshold levels and noted the points at which 
both blue and red components of the violet sensation 
appeared. In all cases the first color experience to arise 
was blue, the sensation becoming violet (e.g. the red 


would seem to clinch the fact that B is a fundamental, 
having its own receptors, and violet a compound, unless - 
there is some unknown factor operating here. This method 
would seem to be applicable to other points along the 
‘spectrum as a determinant of fundamentals, but for some 
reason no further information is available. 

(2) Neutral points of the color blind. Konig (1897) 
thought that the neutral points of the color blind held 
the answer to cone types. With one type of receptor 
nonfunctional, the crossing of the Grundempfindungen — 
for the other two should yield a white or 


of the spectrum (refer again to Fig. 46). By this logic, 
then, a tritanopic individual who is presumably deficient 
in the blue mechanism should show two neutral points, 
570 mp. Since a, 


primacy, Hecht suggests that some, say 10 per cent, 
the R cones have taken on the spectral characteristics 


lind. 
(3) Binocular fusion of yellow. Hecht (1930 


Cuartes E. Oscoop 197 


eye, and green light falls on the corres onding porti 
the retina of the other eye, and the Er is ee 
sation, then only Young’s idea is tenable.’ Hecht rea- 
sons that if the yellow experience can be manufactured 
binocularly in this fashion, there is no need to postulate 
any Y cone. This reasoning is actually quite faulty. Ladd- 
Franklin, for example, could agree with the binocular 
mixture of Y from R and G, and still postulate a separate 
Y cone for other reasons. The important point is that 
were binocular production of yellow not possible, then 
the Young-Helmholtz theory would not be tenable; suc- 
cessful demonstration of the phenomenon does not mean 
it is the ‘only’ tenable theory. 
After a confusing history of claims and counterclaims. 
(eg. between Helmholtz, who couldn't get it, and Her- 
ing, (who could—which is an interesting reversal), it is 
W, gradually becoming clear that central fusion of red and 
green into yellow can occur. Although Hecht’s own 
demonstration (1928) was soundly criticized by Murray 
(1939), Prentice (1948) has obtained the phenomenon 
under conditions that leave little room for doubt. What 
is probably more puzzling than the fact that binocular 
fusion of complementaries like red and green can occur 
is the fact that it is so difficult. In a rather extensive — 
study on binocular mixtures, Pickford (1947) found that 
although similar colors (eg. (neighboring on the color — 
circle) readily fused, complementaries did so only with \ 
great difficulty. In fact, the usual result of such attempts . 
is binocular rivalry, not fusion, i.¢- first one hue and then 
the other is centrally ‘suppressed.’ But why? We know k 
-that when intermingled red and green dots are presented 
fuse to yellow; we also know that 
d to the — 


as in the 


perception of depth cf. Chap. 6)—ın tact, 
fit. ier ordinary Be on that anything other be 
single vision with the two eyes occurs: What is the i 5 
ence when corresponding retinal m Ra 3 ar 
separately with red and green 118 hts? One 
i could occut. I 
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em oe of the retina. Hartridge (1946 
trument, essentially a micro- 
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scope used in reverse, which will cast an extremely small 
image on the retina. He estimates that areas as small as 
the distance between the centers of adjacent foveal cones 
can be stimulated in this manner. It is not clear, how- 
ever, to what extent diffraction in the ocular media and 

involuntary eye movements would obscure the results 
here. When such a stimulator is moved slowly across the 
fovea, hue changes are perceived although the wave- 
length composition of the stimulus is constant. Mono- 
chromatic orange (620 mp) appears red in some loci and 

pale orange in others; monochromatic green (540 my) 

appears green, pale green, or even white. An achromatic 
white light may appear as red, as green or as blue, or as 
paler intermediaries, depending upon locus. Hartridge 
was also able to show that the fixation points for the 
various primary hues were in slightly different places in 
his own fovea, suggesting a clustering of cones of the 
same type. The evidence up to this point seems quite 
compatible with the Young-Helmholtz conception of 
three-cone types. When a foveal luminosity curve was 
determined with this stimulator, however, two regions of 
reduced sensitivity appeared, one corresponding to blue 
and the other to yellow. Hartridge considers this evidence 
for the existence of an independent yellow mechanism, 
which would be compatible with the Ladd-Franklin hy- 
pothesis. Actually, given the extreme amount of overlap 
among R, G, and V sensation curves as developed by 
Hecht for the Young-Helmholtz theory (cf. Fig. 62), 
one would expect nearly any stimulating light to elicit 
nearly any color experience, depending on what particular 
receptors happened to be contacted. But this was not the 
case—for example, monochromatic oranges and yellows 
never appeared blue. 

(5) Electrophysiological analysis. Hartridge was trying 
to obtain the ideal of separately exciting individual recep- 
tor elements. Can this be accomplished with electro- 
physiological techniques? Granit and his various collabo- 
tators (summarized in 1947) have devised a technique 
for use with animal subjects that also approaches this 
ideal. With the cornea and lens removed, a very fine 
micro-electrode is inserted into the retina. Electrical ac- 
tivity in one or more optic fibers (not receptors, unfortu- 
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nately) which lie on the retinal surface can then be 
recorded while the characteristics of the visual stimulus 
are experimentally varied. The eyes of many different 
species have been studied in this manner. For a single 
reading, with the electrode in a stable locus and after 
appropriate pre-adaptation of the eye, the minimum in- 
tensity of light of a given wave length required to pro- 
duce a just recordable response is determined; by varying 
the wave length of the stimulus on successive tests, the 
sensitivity curve for that particular locus is obtained. 
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Fig. 63. Sample of modulator curves for light adapted eye of 
5 a foe Granit, Journal of the Optical Society of 


America, 1941, 31:575. 


sufficiently dark-adapted, almost any 
locus was found to yield a scotopic dominator curve. This 
has its maximum near 500 mp and 


i for visual purple, 
closely matches the absorption spectrum 1rp 
Nach itis the typical rod function. After an eye containing 
both rods and cones ha a 
a photopic dominator curve cou : 
ety tate It has its maximum near 560 mp, thus demon 
strating the Purkinje shift, and 
visibility curve for human observer! 
light-adaptation, cai penei 
would yield curves having nam- 
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Fig. 64. Basic sensation curves proposed by Granit. The ph 


Te 


200 VISION 


—R modulators (maxima about 600 ma), rarer Y modu- 


and B modulators (about 450 mu). Figure 63 describes 
a set of modulator curves for the frog’s eye, which is 
similar to man’s in its photopic spectrum, along with the 
commonly appearing photopic dominator curve. ; 
On, the basis of these and other observations Granit 
(1947, Chaps. 18-22) has developed a theory which is 
also a kind of compromise between the classic Young- 
Helmholtz and the Hering positions. Although, like 
Young, he postulates a limited number of receptors yield- 
ing unique sensations (the modulators), he does not _ 
restrict himself to three, being quite open to the possi- 
bility that there may be more than the four (R, Y, G, B) 
modulator mechanisms already evident in the data. Like 
Hering, however, he separates the color and brightness 
aspects of sensation, attributing the former to modulator — 
action and the latter to dominator action. This separa- 
tion of color and brightness into two neural mechanisms 
has certain advantages, as we shall sce. Granit’s hypo- 
thetical excitation curves are shown in Fig. 64. As was 
the case with Hecht’s curves, these functions are so 
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constructed as to summate into the luminosity curve for 
human day vision. Unlike Hecht’s analysis, however, 
Granit has made no rigorous attempt to integrate the 
phenomena of color mixture, hue discrimination, spec- 
tral saturation, and so on with his hypothetical functions. 
These curyes are chiefly a graphic summary of his elec- 
trophysiological findings. 

Certain of Granit’s observations lead to serious prob- 
lems. He reports, for example, that ‘in a mixed eye a 
great majority of the units tested will, sooner or later, 
give a sensitivity curve determined by visual purple. This 
< . . is evidence that both rods and cones can activate 
the same nerve fiber’ (p. 305). Polyak (1941) has offered 
histological evidence that cone endings do overlap on 
~ bipolar cells, as well as cone and rod endings merging the 
same way. In fact, Polyak has theorized that the cones 
must give qualitatively different responses to wave lengths 
which are ‘analyzed’ by the bipolar cells. But what will 
the sensation be in such cases? Will one and the same 
fiber convey ‘red’ information while its response is being 
determined by an R-cone modulator and then turn about 
and convey ‘white’ information when its response is 
being determined by the rod-dominators? If so, we must 
discard the law of specific energies of nerve fibers—and, 
indeed, we may have to do just that. But let us look more 
closely at Granit’s method. He frankly admits there is 
no guarantee that his micro-electrodes were recording 
from only a single fiber. Suppose that the electrodes were 
_ actually picking up activity from a small group of fibers, 

and keep in mind that his method (noting just-recordable 
response) was one that selects the most sensitive elements | 
for a given condition: under conditions of bright-adapta- 
tion the fiber for a ‘red’ modulator under the electrode 
would determine the sensitivity function but, as the eye | 
became dark-adapted, fibers for rod dominators would 
come to determine the fupction. In such a case, the 
Purkinje shift obtained at a single locus would not neces- 


But what about the modulator curves themselves? 


These relatively narrow and widely separated sensitivity 


functions bear no resemblance to Hecht’s fundamental 
curves for R, G, and V cones, and, whereas Hecht’s func- 
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tions are purely hypothetical, these modulator curves at 
least approximate recordings from individual fibers. If 
Granit’s observations on modulator functions prove to 
be valid as indicators of the spectral sensitivities of differ- 
ent types of cones, then Hecht’s analysis and the theory 
it supports must go by the board. But again we must 
look into the method. Threshold observations are tricky 
matters, requiring extremely rigid control over both the 
degree of pre-adaptation and the length of time following 
at which observations are made. The fact that individual 
curves for the same modulator in the same species often 
showed considerable variation in maxima suggests the 
existence of considerable errors in measurement. It doesn’t 
seem at all likely that receptor chemistries for the same 
modulator mechanism could vary sufficiently to account 
for these differences. On the other hand, although we 
have no guarantee that single fibers were being measured 
here, it would be difficult to explain the narrow sensi- 
tivity curves on this basis. Observations of this orde 

constitute a serious challenge to the adequacy of the 
Young-Helmholtz theory. 


BRIGHTNESS AND COLOR VISION 


As was noted earlier in this chapter, saturation varies 
with intensity. If the intensity of monochromatic light is 
raised above or lowered below the optimal level, the satu- 
ration of the color experience decreases. And even with 
strictly foveal stimuli, all wave lengths of light except 
extreme spectral red evoke colorless, gray experience if 
the intensity is lowered sufficiently (Purdy, as reported 
in Troland, 1930, pp. 167-8). The intensity range through 
which chromatic stimuli yield colorless experience is 
called the photochromatic interval (a better term would 
be the achromatic interval), and it has been shown to be 
widest for short wave lengths and narrowest for long 
ones, wider in the periphery than in the fovea. A special 
case of the relation between saturation and intensity is 
chromatic summation: as the area of a stimulus is reduced 
to very small size, saturation decreases toward gray (i.e. 
areal summation holds for color as well as for bright- 
ness). Color theorists have paid little attention to these 


Cuartes E. Oscoop 203 


well-known facts, yet they pose serious problems for 
views of the Young-Helmholtz and Ladd-Franklin types. 
Why should the quality of sensation correlated with ac- 
tivity in ‘green’ fibers change from green to gray merely 
because the frequency of impulses in them is reduced? 
The change from green to gray implies a shift in ‘what’ 
fibers are delivering impulses, but neither of these theo- 
ries puts ‘white’ receptors in the fovea. Granit has no 
difficulty here: since the white dominators have a wider 
sensitivity range than the more specialized modulators, 
increasing or decreasing intensity from the optimum 
shifts the population of receptors excited in favor of the 
dominators; reducing the area of stimulation decreases 
the probability of contacting the less numerous modu- 
Jators and hence ‘whitens’ the sensation. 
The study of chromatic adaptation has had an exten- 
ive but mottled history (cf. Cohen, 1946 b). The gen- 
eral procedure is to expose a part of the retina to a con- 
stant ‘fatiguing’ stimulus and measure changes in satu- 
ration, hue, and brightness as a function of time, using a 
fresh region of the retina as a basis for comparison. All 
that there is loss of saturation under 


intensely excited receptors should adapt most rapidly, 
balancing the color equation and ‘whitening’ the experi- 
ence. All theories would also predict a loss in brightness, 
owing to a total reduction in impu 
it is true that many investigators 1 
sult, the most recent and carefully executed experiment 
in the area (Cohen, 1946 a) describes an actual increase 


in brightness. This implies an increase in the total im- 


pulse frequency during chromatic adaptation—as if re- 
duction in rate of fire in the dominant mechanism were 


releasing other mechanisms from inhibition. We shall 
return to this matter of inhibitory mechanisms ata later 
point. Finally, these theories would predict a shift in hue 
during the course of adaptation, a shift toward certain 
“basic colors’ as stable points: suppose R and G cones 
(or modulators) are firing in the ratio of 2 to 1 for an 
orange stimulus; the more rapid reduction m R impulses 
will produce not only a loss in saturation but also a shift 
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in hue toward the green region. Again, most investigators 
report this phenomenon, but Cohen found no consistent 
shifts in hue during adaptation. Unless Cohen’s results 
can be explained away as the results of some artifact 
(which this reviewer, at least, is unable to discover), they 
constitute negative evidence for existing theories. 
What about brightness functions for the color blind— 
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Fig. 65. Relative luminosity functions of anomalous trichro- 
mats (six deuteranomalous, twelve protanomalous) 
compared with averages for dichromats and with 

limits for normal trichromats. Judd, Journal of t 
Optical Society of America, 1943, 33:303. 


do they offer any information for an evaluation of color 
theories? Figure 65 combines the data of several studi 
showing luminosity functions for several types of color 
_ blindness as well as the range considered normal. Pro- 
i tanopes, to be sure, have reduced sensitivity in the 
region, but they have also relatively increased sensitivi 
to light in the blue region. Deuteranopes, who presum- 
Í ably should show reduced sensitivity in the green region, _ 
x i 
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actually return a luminosity curve that falls well within 
the normal range. Another interesting point in these 
data is that protanomalous trichromats show nearly as 
much deviancy in sensitivity to red light as do the pro- 
tanopic dichromats, yet the former vary from normal be- 
havior only in the proportions of their color mixtures. 
The saturation of the spectrum for color defectives has 
been studied by Chapanis (194+), using absolute satura- 
tion thresholds at nineteen spectral points as a measure. 
All types of color blindness were shown to suffer loss in 
saturation throughout the spectrum, as compared with 
normal controls. For the deuteranope this means that a 
marked loss in saturation of the spectrum can occur 
without any concurrent abnormality in brightness sensi- 
tivity. Chapanis (1946, 1947) has also studied dark 
adaptation in the color deficient. Whereas both pro- 
| tanopes and deuteranopes returned normal dark-adapta- 
tion functions when a violet test light was used, and 
deuteranopes were also normal with a red test light, the 
adaptation curves of protanopes to red light revealed a 
novel and previously unreported effect: after about 12 
minutes in the dark, during which time little adaptation. 
occurs, the protanopic retina suddenly begins to adapt 
further to red light, reaching a final level that is essen- 
tially normal. Since this effect fails to appear when the 
red stimulus is restricted to the foveal, rod-free area, 
 Chapanis concludes that ‘the rods are sensitive to red 
light, but . . . this cannot be observed in the color 
normal individual because his cones are at least equally- 
"as sensitive to red as are his rods.’ ; 
Even in its contemporary form, the Young- Helmholtz 
theory has trouble with these data. From the close over- 
Jap of Hecht’s sensation curves, it can be seen that the 


mere shift in cone chemistry (R cones to G or vice ver) 

ould cause little change in tomo fancy 
teranope but not the protam p! 

ipsa) anhy ade the inadequacy of the three-cone 


1934 kly admit 
Pao) a Sogn Chapanis finds no support in 


Sees N “Ladd-Franklin view have 


basic sensation curves for the Ladd-F 
; out rigorously, it cannot be sai 


rf 
never been worked 


206 VISION 


whether it would cover these data or not. By virtue of its 
dissociation of hue and brightness mechanisms, Granit’s 
dominator-modulator theory is in a better position. The 
deuteranope lacks the ‘green’ modulator, but his photopic 
dominator system is normal; the protanope lacks the 
‘ted’ modulator and his photopic dominator system is 
also deficient. The deuteranope’s marked loss in satura- 
tion without concomitant reduction in brightness sensi- 
tivity also becomes understandable. But why should 
protanopia alone be associated with malfunctioning domi- 
nators and why should the curve have the form it does? 
Jahn (1946) suggests that dominator functions are re- 
corded from giant ganglion cells which have multisynap- 
tic connections with both rods and all types of cones, 


ganglion cells (cf. Polyak, 1941) which are associate 


whereas modulator functions are recorded from cited 


with single cones via single bipolar cells. In deuteranopi 
it is the ‘green’ midget ganglia that are nonfunctional, 
but since the ‘green’ cones still contribute to dominator 
channels via the giant multisynaptic ganglia, the Jumi- 
nosity curve is unaffected. In protanopia it is the ‘red’ 
cones that are nonfunctional, and hence both ‘red’ 
modulator activity and luminosity in the red region are 
affected. 


DO THE RODS PLAY ANY ROLE IN COLOR VISION? 


Although it is generally agreed that at least three 
mechanisms must participate in color vision, it is not 
necessary that all three be cones in the usual sense. 
Several writers have toyed with the idea that the rods 
may contribute to color vision. The most detailed de- 
velopment of this notion has been made by Willmer 
(1946). Noting the lack of anatomical evidence for 
different types of cones, he specifies a single type of cone 
which contributes the R component. Ordinary dark- 
adapting rods are assumed to contribute a B component 
and a class of nonadapting day rods contributes the third 
component. Since the central fovea is supposed to have 
only cones and nonadapting rods (i.e. is diplodic), it is 
relatively blue-blind and prone to hue-discrimination 
confusions when intensity is varied. How these three 
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mechanisms combine in the production of white is not 
entirely clear. 

There is considerable indirect evidence suggesting an 
identification of the B component of color vision with a 
rodlike mechanism. In the first place, Pieron (1932, as 
reported in Granit, 1947) has shown that the ‘rising 
time’ (reaction latency) for perceiving stimulation is 
longest for blue light and shortest for red light; it will 
be recalled that in the ERG, as well as in the electrical 
response of the optic nerve, activity attributable to rods 
showed a longer latency than that attributable to cones. 
Adrian (1945) has recorded ERG’s from his own eye. 
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Fig. 66. ERG’s for various wave lengths in (A) light-adapted 
and (b) dark-adapted human eyes. Adrian, Journal 
of Physiology, 1945, 104:89. 


When stimulating the peripheral retina, he found a 
brief diphasic response to characterize the cone mechan- 
ism (eg. after bright adaptation) and a monophasic 
response to characterize the rod mechanism (eg. after 
dark adaptation). Using color filters of known transmis- 
sion values, the response to deep red was then found to 
be a pure cone affair, as would be predicted, and that 
to blue revealed only the rod component, which would 
not be predicted from most theories. Intermediary stimuli 
displayed the effects of both mechanisms. These results 
are shown in Fig. 66. Granit (1947, p. 341) adds this 
bit of evidence: a blue modulator function is prominent 
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in the pure rod retina of the guinea pig but absent in 
the pure cone retina of the snake. Whether the foveal 
area is in fact ‘blue-blind’ or tritanopic is very much a 
matter of controversy in the recent literature (cf. Craik, 
1943; Willmer, 1944; Willmer and Wright, 1945; Hart- 
zidge, 1944, 1945a). 12M 
Some facts about after-images are germane to this dis- 
cussion. If a black-and-white figure is fixated for a few 
seconds under high illumination and one then looks at 
a neutral gray paper, a negative after-image will be seen, 
the brightness relations of the original now being re- 
versed. If a colored patch is used as a stimulus, the after- 
image is typically in the complementary hue. Both of 
these phenomena point to selective adaptation of the 
visual receptors. Depending on their excitation charac- 
teristics, different receptor types respond at different rates 
to the original stimulus and hence adapt to differe 
degrees; when a uniform field is then substituted, t est 
teceptors fire at different rates depending on their states 
of adaptation, and yield a reversed (brightness and/o 
hue) image. Furthermore, as might be expected from 
Pieron’s latency data above, the after-effects of a brief 
flash of white light are not achromatic, but rather appear 
as a ‘flight of colors’ —which, for some unknown Teaso 
do not have any regular order of appearance (cf. Woo 
worth, 1938). À 
The after-effects above depend upon prolonged or in- 
tense stimulation and are persistent enough to be easily 
observed. Following any retinal stimulation, however, — 
there is a very rapid series of after-effects which are of 
_ considerable theoretical interest but are difficult to stud 
Normally we are unaware of them. These fleeting events _ 
can be disentangled by moving the light stimulus across _ 
the retina, thus translating temporal effects into spatial 
terms. Bidwell (1898), one of the first to use this 
__ method, reported that pale, bluish semicircles seemed to J4 
float along behind a circular, white stimulus, these c m- 
ing to be known as ‘Bidwell’s Ghosts.’ Investigators using 
4 


_ this method (McDougall, 1904; Frohlich, 1921, 1922; 

= Karwoski and Crook, 1937; Karwoski and Warrener, h 
1942) describe the following sequence of events follow- 

_ ing a brief stimulus: (1) a very fleeting positive afte 


Caries E. Oscoop 209 


image of the same hue as the original, called the Hering 
image, with a latency of about one-twentieth of a second; 
(2) following a dark interval, a second positive image 
appears which is called the Purkinje image, sometimes 
complementary in hue but usually bluish, with a latency 
of about one-fifth of a second; (3) further oscillations of 
longer phase and reduced intensity occur. The Purkinje 
_ after-image has a long latency, becomes increasingly 
prominent as illumination is lowered, is predominantly 
blue in hue, and is difficult to obtain with extreme red 
light or on the fovea—all these facts suggest involvement 
of the rod mechanism. It is true that Karwoski and 
: Warrener (1942) report obtaining this image with red 
light, and unbrokenly when a slit is moved across the 

foveal region, but the red stimulus was somewhat orange 
and the image had a ‘bulge’ (e.g. even longer latency) 
when crossing the fovea. If the fovea be considered a 
‘blind spot’ with respect to rod vision, this bulge may_ 
represent a filling in of the form at some higher level in 
the projection system where the foveal ‘gap’ is eliminated. 
The biggest single stumbling block for Willmer’s posi- 
‘tion is that he specifies the dark-adapting rods as con- 
tributing the B component. It will be recalled that 
Granit has shown a correlation between the regeneration 
of about 50 per cent maximum visual purple and the 
-appearance of the rod component in the ERG; the ways 
“which the ‘hump’ in the dark-adaptation curve can 
‘be shifted in latency by manipulating the wave length 
and intensity of pre-adapting and test lights also fits the 
ew that the ‘ideal’ rods are not functional in day vision. 
“We might also note that the onset of the rod ‘limb’ of 
the dark-adaptation curve is accompanied by simple de- 
‘saturation of the hue of a colored stimulus patch, not a 
progressive ‘bluing’ before turning white, which Will- 
’s theory should demand. 
There is, however, another way a rodlike mechanism 
n be brought into the picture. Suppose we relegate 
nit’s ‘ideal,’ dark-adapting rods to simple night-vision 
ctions, but identify his “conelike’ rods with the B com- 
nent in color vision. We should then have to postulate 
and G, as a minimum. If we 
rodlike receptors are present in 
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the fovea yet have their maximum density some 7° to 
10° eccentric (rather than 20°, as the ‘ideal’ rods), then 
certain other facts fall in line. Optimum form perception 
in the dark-adapted eye has a higher threshold as well as 
a more central locus on the retina than sheer brightness 
perception. Even in the fovea, saturation decreases as 
intensity is lowered below an optimum, and there is an 
achromatic interval, widest in the blue region of the 
spectrum and narrowest in the red region, where experi- — 
ence is neutral gray. We also have to assume here that 
these conelike rods have a wider intensity range than 
cones proper. In Ladd-Franklin’s evolutionary scheme, 
the conelike rods (or rodlike cones) would be the first 
step in the development of true cones, more specialized 
in their intensity coverage and neural connections than 
primitive rods but retaining the spectral characteristics of 
tods and their slower latency. Why should these mecha- 
nisms yield achromatic experience rather than blue experi- 
ence when stimulated alone (e.g. at low intensities)? 
Actually, all color vision theories agree that hue depend 
upon the ratio of rates of fire in several mechanisms, 
quite independent of the quality mediated by any mecha- _~ 
nism alone. These conelike rods could yield achromatic 
experience when firing alone and yet modulate a complex 
experience toward ‘blue’ when fused with the excitation 
of R and G cones. 


INHIBITORY PROCESSES IN COLOR VISION? 


We have already uncovered some evidence for inhibi- — 
tory mechanisms in color vision. Cohen’s (1946 a) 


was accompanied by an over-all increase in total bright- 
ness suggested the release of certain mechanisms from 
inhibition. The fact that protanopes apparently have 
somewhat heightened sensitivity in the blue region of the 
spectrum, as compared with normals (Hecht, 1930), has — 
similar implications. And most significantly, it will be 
recalled that the direct data of colorimetric matching of — 
the spectrum indicate something other than simple 
addition of excitation is involved. At nearly all loci along 
the spectrum except those representing the wave lengths — 
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of the primaries themselves, some one component must 
have a negative value (i.e. must be added to the spectral 
test patch) if saturation is to be equated. 

Basing his argument chiefly on the occurrence of these 
negative values in colorimetric equations, Göthlin (1943) 
has developed a theory which, like the Young-Helmholtz 
view, utilizes R, G, and B receptors but which also in- 
cludes inhibitory processes. As shown in Fig. 67, excita- 
tory and inhibitory effects are conceived as a system of 
balances: R and G are mutually inhibitory, their cancel- 
lation or balance yielding the yellow sensation; R and G 
together are mutually inhibitory with B, the total balance 


Fig, 67. Diagrammatic representation of Géthlin’s inhibitory 
process theory as a system of interlocking balances— 
here as arranged in the production of white sensory 

uality. Göthlin, American Journal of Psychology, 


1943, 56:546. 


ieldi i ion. tary after-images 
yielding the white sensation Complemen ame 
i ji St reen light, for example, 
are cited as evidence onb p. ally, Me eMo a 
hibiting R (first balance) and B (total Paa npon 
removal of the gre t release 
inhibition of both R and B Gonar 
tary purple after-image is seen. In 
pulses from R and G, in varying propor i 
for all er between ss and en 
Idine yellow; impulses in B interact W =: 
aa alain pone aot pu eget 
is weighted towar and yi bh : 
t ae is weighted toward G. This is an attrac 
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tively simple theory, but its assumption that R G and B 
are mutually inhibitory runs into difficulty. 
Close inspection of Wright’s colorimetric matching 
data (cf. Fig. 46) indicates that while B is successfully 
inhibited by R and possibly by G, R is inhibited by 
neither G nor B. In interpreting these curves it must be 
realized that the negative values for a component actually — 
indicate lack of inhibition, i.e. this component was ex 
cited in mixing the other two wave lengths and he 
is present to desaturate the experience. Near 500 mp, f 
example, both G and B are vigorously excited in the pro- 
duction of blue-green, but R must be added to the 
spectral patch in order to match saturation, i.e. R mech: f 
nisms were not inhibited in this mixture. To this we _ 
may add some highly relevant neurophysiological in 
mation. Granit (1947, pp. 113-14) definitely consid 
P111 in the ERG to represent retinal inhibitory 
esses, and this component of the ERG has been identi 
fied with cone pathways. Adrian (1945) has shown that 
the negative component of the ERG is most pronounced 
for red stimulation, decreasing as waye length of the 
stimulus is shifted toward blue. Secondly, we have evi- 
dence that fibers in the optic nerve vary in diameter 


ng 
latency characteristic of small-fiber systems. Finally, itn y 
been shown (Bishop and O'Leary, 1938) that the large, — 
fast-rate fibers deliver their impulses chiefly to the sp 
cortex; Adrian (1946) reports that although red light 
readily yields a large cortical response, blue light produc 
no detectable effect here. F 
This admittedly sketchy information suggests a mı 
fication of Gothlin’s view which is more nearly in 
cord with evidence for a rodlike mechanism as th 
component. In connection with an earlier analysis 
brightness summation, inhibition, and acuity, it 
shown that these phenomena could be incorporated b 
the simple assumption that inhibition of locus a uj 
locus b occurs when the frequency of impulses Tecell 
laterally at b is more rapid than that received direc! 
through its projection pathways. If we assume that lai 
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connections exist between the different color-produeing 
mechanisms, which seems most likely, then the same 
_ hypothesis would apply here: B activity would be in- 
_ hibited to the extent that R activity is present because 
of the latter's more rapid impulse rate. By the same 
at diminishes the rate of fire in R 
s sho ? the B component. At the neuro- 
iological level the ‘off-effect in the ERG represents 
"such a elease-—it is prominent in the response to red 
light but absent in the response to blue. The increased 
total brightness during adaptation found by Cohen might 
represent a similar effect. The fact that protanopia is 
accompanied by both a decided shift in luminosity of the 
spectrum and relatively enhanced brightness in the blue 
region, while deuteranopia is not, also becomes more 
M nderstandable if we assume that an elimination of R 
ulses has ‘released’ the B mechanism from inhibition. 
All this is very hypothetical, but then, color vision is still 
ie happy hunting grounds for theorists.* 


SUMMARY 


The Young-Helmholtz theory of color vision is the 
ted view among psychologists today. 
dvantages of simplicity_and Hecht's 
nto a number of difficulties, how- 
t for the experiences of the color 
, it must postulate a variety of shifts in cone chemis- 
s on an ad hoc basis. Ladd-Franklin’s theory, which 
ellow cone and an evolutionary rationale, does 
‘ews have trouble with 
ightnes: ons of both normals and color blind: 


7 should color experiences become less sal ; 
ange of quality toward ‘white’) as intensity 1s lowered: 
hy Should protanopes have a markedly distorted lumi- 


expected confirmation of this interpretation has recently 

aed in an as yet unpublished study by J. Cohen and 

Gibson. Analysis of the color space by the theory of 

d, among other things, that one receptor must | 
í ther two are completely 


hibitor while the oi vo are 
a—in either case, some inhibitory process- 
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nosity curve but deuteranopes a normal one? Granit’s 
dominator-modulator theory works much better here be- 
cause of its separation of color and brightness functions. 
And if Granit’s basic observations on the luminosity 
functions of individual optic nerve fibers (?) prove valid, 
Hecht’s theoretical sensation curves and the theory they 
support must be discarded. Finally, there is considerable 
evidence that the B component in color vision has quite i 
different properties than either R or G components, in 
fact, properties decidedly rodlike in nature. Willmer has 
developed a theory on this basis which postulates only 
one kind of cone interacting with two types of rods, 
adapting and nonadapting. A similar possibility was sug- 
gested here: namely, that there are only two types of 
cones, R and G, with the B component being con- 
tributed by a ‘conelike’ nonadapting rod. 

All of these theories relegate the actual determination _ 
of hue sensations to some process of fusion in the higher 
centers, probably the visual cortex. When, for example, 
we look at a patchwork quilt of many colors, a different 
Tatio of impulses in several fiber types is produced within uw 
each patch as subjectively represented. We speak glibly 
about central ‘interpretation’ of color at this point, but 
this is merely a confession of complete ignorance in re- 
gard to mechanism—there is no “little man’ up there 
busily noting down incoming frequencies at all loci and 
judging their ratios. It must be a remarkable mechanism, 
however, unlike anything we know of in other modalities 
(except, possibly, olfaction). According to Le Gros Clark 
(1947), in the course of projection from retina to brain 
three fiber types coming from corresponding points of the 
two eyes are segregated in bands in the geniculates and 
passed up to each cortical locus having unique spatial 
reference. Somehow, at each one of these cortical loci, 
ratios of impulse rates channeling upon common synapses — 
become a variety of experienced hues. 
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